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Supercapacitors



Related Titles

Stolten, D., Emonts, B. (eds.)

Fuel Cell Science and
Engineering
Materials, Processes, Systems and
Technology

2012

ISBN: 978-3-527-33012-6

Park, J.-K.

Principles and Applications of
Lithium Secondary Batteries

2012

ISBN: 978-3-527-33151-2

Daniel, C., Besenhard, J. O. (eds.)

Handbook of Battery Materials
2nd completely revised and enlarged
edition

2011

ISBN: 978-3-527-32695-2

Zhang, J., Zhang, L., Liu, H., Sun, A.,
Liu, R-S. (eds.)

Electrochemical Technologies
for Energy Storage and
Conversion

2011

ISBN: 978-3-527-32869-7

Aifantis, K. E., Hackney, S. A., Kumar, R. V.
(eds.)

High Energy Density Lithium
Batteries
Materials, Engineering, Applications

2010

ISBN: 978-3-527-32407-1

Ozawa, K. (ed.)

Lithium Ion Rechargeable
Batteries
Materials, Technology, and New
Applications

2009

ISBN: 978-3-527-31983-1

O’Hayre, R., Colella, W., Cha, S.-W.,
Prinz, F. B.

Fuel Cell Fundamentals

ISBN: 978-0-470-25843-9
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6.1 Introduction 207
6.2 Conducting Polymers in Supercapacitor Application 208
6.3 Metal Oxide/Carbon Composites 212
6.4 Pseudocapacitive Effect of Heteroatoms Present in the Carbon

Network 214
6.4.1 Oxygen-Enriched Carbons 215
6.4.2 Nitrogen-Enriched Carbons 216
6.5 Nanoporous Carbons with Electrosorbed Hydrogen 222
6.6 Electrolytic Solutions – a Source of Faradaic Reactions 226
6.7 Conclusions – Profits and Disadvantages of Pseudocapacitive

Effects 231
References 233

7 Li-Ion-Based Hybrid Supercapacitors in Organic Medium 239
Katsuhiko Naoi and Yuki Nagano

7.1 Introduction 239
7.2 Voltage Limitation of Conventional EDLCs 239
7.3 Hybrid Capacitor Systems 242



XII Contents

7.3.1 Lithium-Ion Capacitor (LIC) 243
7.3.2 Nanohybrid Capacitor (NHC) 247
7.4 Material Design for NHC 248
7.5 Conclusion 254

Abbreviations 255
References 255

8 Asymmetric and Hybrid Devices in Aqueous Electrolytes 257
Thierry Brousse, Daniel Bélanger, and Daniel Guay

8.1 Introduction 257
8.2 Aqueous Hybrid (Asymmetric) Devices 259
8.2.1 Principles, Requirements, and Limitations 259
8.2.2 Activated Carbon/PbO2 Devices 262
8.2.3 Activated Carbon/Ni(OH)2 Hybrid Devices 267
8.2.4 Aqueous-Based Hybrid Devices Based on Activated Carbon

and Conducting Polymers 269
8.3 Aqueous Asymmetric Electrochemical Capacitors 272
8.3.1 Principles, Requirements, and Limitations 272
8.3.2 Activated Carbon/MnO2 Devices 274
8.3.3 Other MnO2-Based Asymmetric or Hybrid Devices 278
8.3.4 Carbon/Carbon Aqueous Asymmetric Devices 279
8.3.5 Carbon/RuO2 Devices 280
8.4 Tantalum Oxide–Ruthenium Oxide Hybrid Capacitors 282
8.5 Perspectives 282

References 283

9 EDLCs Based on Solvent-Free Ionic Liquids 289
Mariachiara Lazzari, Catia Arbizzani, Francesca Soavi, and
Marina Mastragostino

9.1 Introduction 289
9.2 Carbon Electrode/Ionic Liquid Interface 291
9.3 Ionic Liquids 292
9.4 Carbon Electrodes 297
9.5 Supercapacitors 298
9.6 Concluding Remarks 302

Ionic Liquid Codes 303
Glossary 304
References 305

10 Manufacturing of Industrial Supercapacitors 307
Philippe Azaı̈s

10.1 Introduction 307
10.2 Cell Components 309
10.2.1 Electrode Design and Its Components 309
10.2.1.1 Current Collector 309



Contents XIII

10.2.1.2 Activated Carbons for Supercapacitors 312
10.2.1.3 Industrial Activated Carbons for Industrial Supercapacitors 317
10.2.1.4 Particle Size Distribution of Activated Carbons and Its

Optimization 320
10.2.1.5 Binders 322
10.2.1.6 Conductive Additives 325
10.2.2 Electrolyte 326
10.2.2.1 Electrolyte Impact on Performance 327
10.2.2.2 Liquid-State Electrolyte and Remaining Problems 340
10.2.2.3 Ionic Liquid Electrolyte 341
10.2.2.4 Solid-State Electrolyte 343
10.2.3 Separator 343
10.2.3.1 Separator Requirements 343
10.2.3.2 Cellulosic Separators and Polymeric Separators 343
10.3 Cell Design 345
10.3.1 Small-Size Components 347
10.3.2 Large Cells 347
10.3.2.1 High-Power Cells 348
10.3.2.2 Energy Cells 350
10.3.2.3 Pouch Cell design 351
10.3.2.4 Debate on Cell Design: Prismatic versus Cylindrical Cells 351
10.3.2.5 Aqueous Medium Cells 351
10.4 Module Design 352
10.4.1 Large Modules Based on Hard-Type Cells 353
10.4.1.1 Metallic Connections Between Cells 354
10.4.1.2 Electric Terminal for Module 354
10.4.1.3 Insulator for Module 354
10.4.1.4 Cell Balancing and Other Information Detection 356
10.4.1.5 Module Enclosure 357
10.4.2 Large Modules Based on Pouch-Type Cells 357
10.4.3 Large Modules Working in Aqueous Electrolytes 359
10.4.4 Other Modules Based on Asymmetric Technologies 360
10.5 Conclusions and Perspectives 362

References 363

11 Supercapacitor Module Sizing and Heat Management under Electric,
Thermal, and Aging Constraints 373
Hamid Gualous and Roland Gallay

11.1 Introduction 373
11.2 Electrical Characterization 374
11.2.1 C and ESR Measurement 374
11.2.1.1 Capacitance and Series Resistance Characterization in the Time

Domain 374
11.2.1.2 Capacitance and Series Resistance Characterization in the Frequency

Domain 375



XIV Contents

11.2.2 Supercapacitor Properties, Performances, and Characterization 376
11.2.2.1 Capacitance and ESR as a Function of the Voltage 376
11.2.2.2 Capacitance and ESR as a Function of the Temperature 378
11.2.2.3 Self-Discharge and Leakage Current 378
11.2.3 ‘‘Ragone Plot’’ Theory 381
11.2.3.1 Match Impedance 383
11.2.3.2 Power Available for the Load, Ragone Equation 384
11.2.4 Energetic Performance and Discharging at Constant

Current 387
11.2.5 Energetic Performance and Discharging at Constant

Power 389
11.2.6 Energetic Performance and Discharging at Constant Load 394
11.2.7 Efficiency 394
11.3 Thermal Modeling 395
11.3.1 Thermal Modeling of Supercapacitors 397
11.3.2 Conduction Heat Transfer 397
11.3.3 Thermal Boundary Conditions 399
11.3.4 Convection Heat Transfer Coefficient 401
11.3.5 Solution Procedure 402
11.3.6 BCAP0350 Experimental Results 404
11.4 Supercapacitor Lifetime 410
11.4.1 Failure Modes 411
11.4.2 Temperature and Voltage as an Aging Acceleration Factor 411
11.4.3 Physical Origin of Aging 413
11.4.4 Testing 415
11.4.5 DC Voltage Test 415
11.4.6 Voltage Cycling Test 417
11.5 Supercapacitor Module Sizing Methods 418
11.6 Applications 420
11.6.1 Power Management of Fuel Cell Vehicles 421
11.6.1.1 Problem Statement 421
11.6.1.2 Fuel Cell Modeling 421
11.6.1.3 Supercapacitors Modeling 422
11.6.2 The Power Management of a Fuel Cell Vehicle by Optimal

Control 422
11.6.2.1 Optimal Control without Constraint 423
11.6.2.2 The Hamilton–Jacobi–Bellman Equation 423
11.6.3 Optimal Control with Inequality Constraints on the Fuel Cell Power

and on the Fuel Cell Power Rate 427
11.6.3.1 Constraints on the Fuel Cell Power 427
11.6.3.2 Constraints on the Fuel Cell Power Rate 427
11.6.4 Power Management of Fuel Cell Vehicle by Optimal Control

Associated to Sliding Mode Control 429
11.6.5 Conclusion 433

References 434



Contents XV

12 Testing of Electrochemical Capacitors 437
Andrew Burke

12.1 Introduction 437
12.2 Summaries of DC Test Procedures 437
12.2.1 USABC Test Procedures 439
12.2.2 IEC Test Procedures 440
12.2.3 UC Davis Test Procedures 441
12.3 Application of the Test Procedures to Carbon/Carbon Devices 443
12.3.1 Capacitance 443
12.3.2 Resistance 443
12.3.3 Energy Density 448
12.3.4 Power Capability 449
12.3.5 Pulse Cycle Testing 453
12.4 Testing of Hybrid, Pseudocapacitive Devices 456
12.4.1 Capacitance 456
12.4.2 Resistance 456
12.4.3 Energy Density 459
12.4.4 Power Capability and Pulse Cycle Tests 460
12.5 Relationships between AC Impedance and DC Testing 460
12.6 Uncertainties in Ultracapacitor Data Interpretation 465
12.6.1 Charging Algorithm 466
12.6.2 Capacitance 466
12.6.3 Resistance 466
12.6.4 Energy Density 467
12.6.5 Power Capability 467
12.6.6 Round-Trip Efficiency 469
12.7 Summary 469

References 469

13 Reliability of Electrochemical Capacitors 473
John R. Miller

13.1 Introduction 473
13.2 Reliability Basics 473
13.3 Cell Reliability 474
13.4 System Reliability 478
13.5 Assessment of Cell Reliability 481
13.5.1 Experimental Approach Example 484
13.6 Reliability of Practical Systems 491
13.6.1 Cell Voltage Nonuniformity 492
13.6.2 Cell Temperature Nonuniformity 494
13.7 Increasing System Reliability 499
13.7.1 Reduce Cell Stress 499
13.7.2 Burn-in of Cells 501
13.7.3 Use Fewer Cells in Series 501
13.7.4 Use ‘‘Long-Life’’ Cells 501



XVI Contents

13.7.5 Implement Maintenance 502
13.7.6 Add Redundancy 502
13.8 System Design Example 503
13.8.1 Problem Statement 503
13.8.2 System Analysis 504
13.8.3 Cell Reliability 506

References 507

14 Market and Applications of Electrochemical Capacitors 509
John R. Miller

14.1 Introduction: Principles and History 509
14.2 Commercial Designs: DC Power Applications 510
14.2.1 Bipolar Designs 510
14.2.2 Cell Designs 512
14.2.3 Asymmetric Designs 513
14.3 Energy Conservation and Energy Harvesting Applications 516
14.3.1 Motion and Energy 516
14.3.2 Hybridization: Energy Capture and Reuse 518
14.3.3 Energy Conservation and Efficiency 521
14.3.4 Engine Cranking 521
14.4 Technology Combination Applications 523
14.4.1 Battery/Capacitor Combination Applications 523
14.5 Electricity Grid Applications 523
14.5.1 Storage and the Utility Grid 523
14.6 Conclusions 524

References 525

Index 527



XVII

Series Editor Preface

The Wiley Series on New Materials for Sustainable Energy and Development

Sustainable energy and development is attracting increasing attention from the
scientific research communities and industries alike, with an international race to
develop technologies for clean fossil energy, hydrogen and renewable energy as well
as water reuse and recycling. According to the REN21 (Renewables Global Status
Report 2012 p. 17) total investment in renewable energy reached $257 billion in
2011, up from $211 billion in 2010. The top countries for investment in 2011 were
China, Germany, the United States, Italy, and Brazil. In addressing the challenging
issues of energy security, oil price rise, and climate change, innovative materials
are essential enablers.

In this context, there is a need for an authoritative source of information,
presented in a systematic manner, on the latest scientific breakthroughs and
knowledge advancement in materials science and engineering as they pertain to
energy and the environment. The aim of the Wiley Series on New Materials for
Sustainable Energy and Development is to serve the community in this respect.
This has been an ambitious publication project on materials science for energy
applications. Each volume of the series will include high-quality contributions from
top international researchers, and is expected to become the standard reference for
many years to come.

This book series covers advances in materials science and innovation for re-
newable energy, clean use of fossil energy, and greenhouse gas mitigation and
associated environmental technologies. Current volumes in the series are:

Supercapacitors. Materials, Systems, and Applications
Functional Nanostructured Materials and Membranes for Water Treatment
Materials for High-Temperature Fuel Cells
Materials for Low-Temperature Fuel Cells
Advanced Thermoelectric Materials. Fundamentals and Applications
Advanced Lithium-Ion Batteries. Recent Trends and Perspectives
Photocatalysis and Water Purification. From Fundamentals to Recent

Applications



XVIII Series Editor Preface

In presenting this volume on Supercapacitors, I would like to thank the authors and
editors of this important book, for their tremendous effort and hard work in completing
the manuscript in a timely manner. The quality of the chapters reflects well the caliber
of the contributing authors to this book, and will no doubt be recognized and valued by
readers.

Finally, I would like to thank the editorial board members. I am grateful to their
excellent advice and help in terms of examining coverage of topics and suggesting
authors, and evaluating book proposals.

I would also like to thank the editors from the publisher Wiley-VCH with whom
I have worked since 2008, Dr Esther Levy, Dr Gudrun Walter, and Dr Bente Flier
for their professional assistance and strong support during this project.

I hope you will find this book interesting, informative and valuable as a reference
in your work. We will endeavour to bring to you further volumes in this series or
update you on the future book plans in this growing field.

Brisbane, Australia G.Q. Max Lu
31 July 2012



XIX

Preface

Currently, our planet faces huge challenges related to energy. How to reduce CO2

emissions and fossil fuel consumption? How to introduce renewable energies in
the energy mix? Of course these are not new questions, but simply, until the end
of the last century, no one cared about the scarcity of fossil fuels even if some
warnings appeared during the successive oil crises.

The answer to the above questions is energy saving as well as energy management.
It is exactly the role that can be played by electrochemical capacitors, so-called
supercapacitors, because of their ability to store larger amounts of energy than
the traditional dielectric capacitors. Such exceptional properties originate from the
nanometric scale capacitors built from the polarized electrode material and a layer
of attracted ions on its surface. The thickness of the electrode–electrolyte interface
is directly controlled by the size of ions. Supercapacitors are able to harvest energy
in very short periods (less than one minute) and to subsequently provide burst of
energy when needed. They are now a reality in the market, where they are applied
in automotive and stationary systems, and allow energy savings ranging from 10
to 40%. They can also play a role in the stabilization of current when intermittent
renewable energies are introduced in the energetic mix.

Although supercapacitors are now commercially available, they still require
improvements, especially for enhancing their energy density. It requires a funda-
mental understanding of their properties and exact operating principles, in addition
to improving electrode materials, electrolytes past and integration in systems. All
these topics led to a very strong motivation of academics and industry during the
decade.

When Max Lu invited us to suggest a book in his series Materials for Sustainable
Energy and Development, we immediately thought about Supercapacitors. Indeed,
since the fantastic pioneer book Electrochemical supercapacitors: Scientific Fun-
damentals and Technological Applications published by B.E. Conway in 1999, no
other comprehensive book was dealing extensively with the topic of supercapacitors,
and until now the book is generally referred in almost all scientific publications
concerning this subject. During the past 10 years new ideas appeared, such as a
better description of what is really the double-layer in these systems and hybrid
and asymmetric capacitors, requiring a comprehensive review.
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November 2012
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Atomique (CEA)
LITEN (Laboratoire d’Innovation
pour les Technologies des
Energies Nouvelles)
17 rue des Martyrs
38054 Grenoble Cedex 9
France

Daniel Bélanger
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Québec H3C 3P8
Canada

François Béguin
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Unviversitè Toulouse III
Institut Carnot CIRIMAT - UMR
CNRS 5085
118 route de Narbonne
31062 Toulouse
France

Bobby G. Sumpter
Center for Nanophase Materials
Sciences, and Computer Science
and Mathematics Division
Oak Ridge National Laboratory
Bethel Valley Road
Oak Ridge, TN 37831-6367
USA

Francesca Soavi
Alma Mater Studiorum
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1
General Principles of Electrochemistry
Scott W. Donne

1.1
Equilibrium Electrochemistry

1.1.1
Spontaneous Chemical Reactions

Chemical reactions move toward a dynamic equilibrium in which both reactants
and products are present but have no further tendency to undergo net change.
In some cases, the concentration of products in the equilibrium mixture is so
much greater than the concentration of the unchanged reactants that for all
practical purposes the reaction is complete. However, in many important cases, the
equilibrium mixture has significant concentrations of both reactants and products.

1.1.2
The Gibbs Energy Minimum

The equilibrium composition of a reaction mixture can be calculated from the
Gibbs energy by identifying the composition that corresponds to a minimum in
the Gibbs energy. To elaborate further, consider the simple chemical equilibrium:

A ↔ B (1.1)

Suppose now that an infinitesimal amount dξ of A turns into B, then the change
in the amount of A present is dnA = −dξ and the change in the amount of B present
is dnB = + dξ . The quantity ξ is called the extent of reaction.

The reaction Gibbs energy (�Gr) is defined as

�Gr =
(

∂G

∂ξ

)
P,T

= µB − µA (1.2)

where µ represents the chemical potential or molar Gibbs energy for each species.
Because the chemical potentials vary with composition, the Gibbs energy will

change as the reaction proceeds. Moreover, because the reaction runs in the
direction of decreasing G, it means that the reaction A → B is spontaneous when
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2 1 General Principles of Electrochemistry

µA >µB, whereas the reverse reaction is spontaneous when µB >µA. When the
derivative in Eq. (1.2) is zero, the reaction is spontaneous in neither direction, and
so

�Gr = 0 (1.3)

which occurs when µA = µB. It follows that if the composition of the reaction
mixture can be identified such that µA = µB, then we can identify the composition
of the reaction mixture at equilibrium.

To generalize these concepts, consider the more generic chemical reaction:

aA + bB ↔ cC + dD (1.4)

When the reaction advances by dξ , the amounts of reactants and products change
by

dnA = −adξ dnB = −bdξ dnC = +cdξ dnD = +ddξ (1.5)

and in general dnJ = νJdξ where νJ is the stoichiometric number of J in the chemical
equilibrium. The resulting infinitesimal change in the Gibbs energy at constant
temperature and pressure is therefore

dG = µCdnC + µDdnD + µAdnA + µBdnB = (
cµC + dµD − aµA − bµB

)
dξ

(1.6)

The general form of this expression is

dG =

∑

J

νJµJ


 dξ (1.7)

It follows that

�Gr =
(

∂G

∂ξ

)
P,T

= cµC + dµD − aµA − bµB (1.8)

To progress further, we note that the chemical potential of a species J is related
to its activity (aJ) by

µJ = µ0
J + RT ln

(
aJ

)
(1.9)

Substituting an equivalent expression to Eq. (1.9) for each species into Eq. (1.8)
gives rise to

�Gr = cµ0
C + dµ0

D − aµa
A − bµ0

B + RT ln

(
ac

Cad
D

aa
Aab

B

)
= �G0

r + RT ln
(
Q

)
(1.10)

where Q is the reaction quotient. Now, at equilibrium, where �Gr = 0, the activities
have their equilibrium values, and so

K =
(

ac
Cad

D

aa
Aab

B

)
(1.11)
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where K is the thermodynamic equilibrium constant. Furthermore, from Eq. (1.10)

�G0
r = −RT ln (K) (1.12)

which is a very important thermodynamic relationship, for it enables us to predict
the equilibrium constant of any reaction from tables of thermodynamic data, and
hence to predict the equilibrium composition of the reaction mixture.

1.1.3
Bridging the Gap between Chemical Equilibrium and Electrochemical Potential

A cell in which the overall cell reaction has not reached chemical equilibrium can
do electrical work as the reaction drives electrons through an external circuit. The
work that a given transfer of electrons can accomplish depends on the potential
difference between the two electrodes. This potential difference is called the cell
potential (V). When the cell potential is large, a given number of electrons traveling
between the electrodes can do a large amount of electrical work. When the cell
potential is small, the same number of electrons can do only a small amount of
work. A cell in which the overall reaction is at equilibrium can do no work, and
then the cell potential is zero.

The maximum amount of electrical work (we,max) that an electrochemical cell can
do is given by the value of �G, and in particular that for a spontaneous process (in
which both �G and w are negative) at constant temperature and pressure,

�G = we,max (1.13)

Therefore, to make thermodynamic measurements on the cell by measuring
the work it can do, we must ensure that it is operating reversibly. Only then is
it producing maximum work and only then can Eq. (1.13) be used to relate that
to work. Moreover, we have seen previously that the reaction Gibbs energy (�Gr)
is actually a derivative evaluated at a specific composition of the reaction mixture.
Therefore, to measure �Gr we must ensure that the cell is operating reversibly at
a specific, constant composition. Both these conditions are achieved by measuring
the cell potential when it is balanced by an exactly opposing source of potential
so that the cell reaction occurs reversibly and that the composition is constant: in
effect, the cell reaction is poised for change, but not actually changing. The resulting
potential difference is called the zero-current cell potential or the electromotive force
of the cell.

1.1.4
The Relation between E and ∆Gr

To establish this relationship, consider the change in G when the cell reac-
tion advances by an infinitesimal amount dξ at some composition. At constant
temperature and pressure, G changes by

dG =
∑

J

µJdnJ =
∑

J

νJµJdξ (1.14)
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The reaction Gibbs energy (�Gr) at the specific composition is

�Gr =
(

∂G

∂ξ

)
P,T

=
∑

J

νJµJ (1.15)

So we can write

dG = �Grdξ (1.16)

The maximum nonexpansion work that the reaction can do as it advances by dξ

at constant temperature and pressure is therefore

dwe = �Grdξ (1.17)

This work is infinitesimal, and the composition of the system is virtually constant
when it occurs. Suppose the reaction advances by dξ , then νdξ electrons must
travel from the anode to the cathode. The total charge transported between the
electrodes when this change occurs is −νeNAdξ (because νdξ is the amount of
electrons and the charge per mole of electrons is − eNA). Hence, the total charge
transported is −νFdξ because eNA = F, where F is the Faraday’s constant.

The work done when an infinitesimal change −νFdξ travels from the anode to
the cathode is equal to the product of the charge and the potential difference E:

dwe = −νFEdξ (1.18)

When Eqs. (1.17) and (1.18) are equated, the advancement dξ cancels, the result
being

�Gr = −νFE (1.19)

This equation is the key connection between electrical measurements and
thermodynamic properties. It follows that by knowing the reaction Gibbs energy
at a specified composition, we can state the zero-current cell potential at that
composition. Another way of explaining Eq. (1.19) is that it shows that the driving
power of a cell is proportional to the slope of the Gibbs energy with respect to
the extent of reaction. When a reaction is far from equilibrium (when the slope
is steep), there is a strong tendency to drive electrons through an external circuit.
When the slope is close to zero (when the cell reaction is close to equilibrium), the
cell potential is small.

1.1.5
The Nernst Equation

From Eq. (1.10) we know how the reaction Gibbs energy is related to the composition
of the reaction mixture. It follows then that by dividing both sides by −νF, that

E = −�G0
r

νF
− RT

νF
ln

(
Q

)
(1.20)

The first term on the right of Eq. (1.20) can be rewritten as

E0 = −�G0
r

νF
(1.21)
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and called the standard cell potential. The standard cell potential (E0) is the standard
reaction Gibbs energy expressed as a potential. It follows that

E = E0 − RT

νF
ln

(
Q

)
(1.22)

which is the Nernst equation. We see from this equation that the standard cell
potential can be interpreted as the zero-current cell potential when all the reactants
and products are in their standard states, for then all activities are unity, so Q = 1,
and ln(Q) = 0.

1.1.6
Cells at Equilibrium

Suppose the reaction has reached equilibrium; then Q = K, where K is the equi-
librium constant of the cell reaction. However, a chemical reaction at equilibrium
cannot do work, and hence it generates zero potential difference between the
electrodes of a galvanic cell. Therefore, setting E = 0 V and Q = K in the Nernst
equation gives

ln (K) = nFE0

RT
(1.23)

This very important equation lets us predict equilibrium constants from mea-
sured standard cell potentials.

1.1.7
Standard Potentials

A galvanic cell is a combination of two electrodes, and each one can be considered
as making a characteristic contribution to the overall cell potential. Although it is
not possible to measure the contribution of a single electrode, we can define the
potential of one of the electrodes as having zero potential and then assign values
to others on that basis. The specially selected electrode is the standard hydrogen
electrode (SHE):

Pt
∣∣H2

(
g
)∣∣ H+ (

aq
)

(1.24)

for which E0 = 0 V at all temperatures. The standard potential (E0) of another couple
is then assigned by constructing a cell in which it is the right-hand electrode and
the SHE is the left-hand electrode.

An important feature of standard cell potentials is that they are unchanged if
the chemical equation for the cell reaction of a half-reaction is multiplied by a
numerical factor. A numerical factor increases the value of the standard Gibbs
energy for the reaction, but it also increases the number of electrons transferred by
the same factor, and from Eq. (1.21) the value of E0 remains unchanged.
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Table 1.1 Standard Gibbs energy data for the manganese and water system.

Compound ∆Gf (kJ mol−1) Compound ∆Gf (kJ mol−1)

Mn 0 MnO2 −465
Mn2+(aq) −228 MnO4 −447
MnO −363 H2O −237
Mn3O4 −1283 O2(g) 0
Mn2O3 −881 H2(g) 0

H+ (aq) 0

1.1.8
Using the Nernst Equation – Eh–pH Diagrams

One of the most important applications of the Nernst equation is its use in
identifying domains of species stability within an Eh–pH diagram. As an example
of this application, consider the manganese and water system, for which the
appropriate standard Gibbs energy data is shown in Table 1.1. The relevant
electrochemical half-reactions that the manganese and water system can undergo
are shown in Table 1.2, together with their corresponding �Gr and E0 values. This
data can then be graphed, as shown in Figure 1.1, to produce the Eh–pH diagram.
What such a diagram shows, for example, are the range of thermodynamically
stable species present at a constant pH as the voltage is changed; for example,
Mn → MnO → Mn3O4 → Mn2O3 → MnO2 → MnO4

− for an alkaline pH in
Figure 1.1. Similarly, at a fixed potential, increasing the pH will also change the
preferred phase; for example, Mn2+ → Mn2O3. Interestingly, for the manganese
and water system, MnO2 is stable across the entire pH range. This is a rare example
of an oxide compound covering the complete pH range. As a final point, it is
important to remember that such a diagram represents the thermodynamically
stable species at a certain Eh–pH combination. In no way does it account for
the existence of metastable species, which may have very slow decomposition
kinetics.

1.2
Ionics

1.2.1
Ions in Solution

The behavior of ions in solution plays a critical role in determining the properties
of a particular electrode–electrolyte combination. By considering some simple
models, we are able to explain the properties of electrolyte solutions and, in
particular, the origin of their thermodynamic activity. Another part of this is the
more kinetic properties of solutions such as diffusion and migration.
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Table 1.2 Half-reactions for the manganese and water system, together with their corre-
sponding �Gr and E0 values.

Half-reaction ∆Gr (kJ mol−1) E0 (V)

Mn2 + + 2e− ↔ Mn 228 −1.181
MnO + 2H+ + 2e− ↔ Mn + H2O 126 −0.653
Mn3O4 + 2H+ + 2e− ↔ 3MnO + H2O −43 0.223
3Mn2O3 + 2H+ + 2e− ↔ 2Mn3O4 + H2O −160 0.829
2MnO2 + 2H+ + 2e− ↔ Mn2O3 + H2O −188 0.974
MnO4

− + 4H+ + 3e− ↔ MnO2 + 2H2O −492 1.700
Mn3O4 + 8H+ + 2e− ↔ 3Mn2 + + 4H2O −349 1.809
Mn2O3 + 6H+ + 2e− ↔ 2Mn2 + + 3H2O −286 1.482
MnO2 + 4H+ + 2e− ↔ Mn2 + + 2H2O −237 1.228
O2 + 4H+ + 4e− ↔ 2H2O −474 1.228
2H+ + 2e− ↔ H2 0 0.000
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Figure 1.1 Eh–pH diagram for the Mn–O2 –H2 –H2O system at 25 ◦C.

1.2.1.1 Ion–Solvent Interactions
A crystal of KCl dissolves readily in water. In the crystal, the K+ and Cl− ions are held
together mainly by coulombic forces. The dissolution of the crystal means that these
forces must have been overcome by strong forces between the ions and the solvent.
Thus, there must be a large energy of interaction between the ions and the solvent.
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1.2.1.2 Thermodynamics
To calculate the energy of an ion–solvent interaction, consider a state in which
there are no ion–solvent interactions and one in which there is.

Initial state
No ion−solvent

interactions

Final state
Ion−solvent

∆PE

interactions

Now, −�G is the maximum (i.e., reversible) useful work we can get from
a system at constant temperature and pressure. Useful means excluding work
against the atmosphere, −P�V , which results from any expansion or contraction
of the system. Thus, if our calculation neglects any change in the volume of the
system and is at constant temperature and pressure, we have:

�Gi−s = �PE

• Final state: The ions dissolved in solution.
• Initial state: There must be no ion–solvent interactions, so let the ions and solvent

be separated and let the ions be in a vacuum at very low pressure so there are no
ion–ion interactions.

We can now calculate �Gi−s as the reversible work of transferring 1 mol of the
ions from the vacuum to the solvent.

1.2.2
The Born or Simple Continuum Model

The Born model is the simplest for carrying out this calculation. It considers ions
to be charged spheres and the solvent to be a continuous dielectric fluid, that is,
uniform throughout (not composed of molecules and voids) and its only physical
property is a dielectric constant. Thus, the interaction is electrostatic.

As G is a state function, we can calculate �Gi−s as

�Gi−s = NA

(
W1 + W2 + W3

)
J mol−1 (1.25)

where W1 is the reversible work to discharge an ion in a vacuum (ε = 1) and W2

the reversible work to put a discharged ion in the solvent. As the interaction is
electrostatic, W2 = 0, and W3 is the reversible work to charge a discharged ion in a
medium of dielectric constant (ε).

The reversible work to charge an ion from charge 0 to ze (z is the formal charge,
and e = 1.60 × 10−19 C) is

W3 = (ze)2

8πεε0r
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The reversible work to discharge an ion from ze to zero in a vacuum is the
negative of this with ε = 1. Thus,

W1 = − (ze)2

8πEV0r

Substituting into Eq. (1.25) gives the Born equation; that is,

�Gi−s = −NA(ze)2

8πe0r

(
1 − 1

ε

)
(1.26)

Further, since:

�G = �H − T�S
(
constant temperature

)
�Si−s = −∂�Gi−s

∂T
= NA(ze)2

8πε0r

(
1

ε2

dε

dT

)
�Hi−s = �Gi−s + T�Si−s

�Hi−s = −NA(ze)2

8πε0r

(
1 − 1

ε
− T

ε2

dε

dT

)
(1.27)

Note that these equations refer to a single ionic species, for example, K+.

1.2.2.1 Testing the Born Equation
The enthalpy of a solution (heat liberated or absorbed at constant pressure) of a salt
is

�Hsolution = �Hlattice + �Hs−s

where �Hlattice is the enthalpy to break up the crystal into individual ions and
�Hs−s is the enthalpy of solvation of the positive and negative ions. Also,

�Hs−s = �H+s + �H−s

Now the absolute enthalpy of hydration of the proton, �Hp−s is known (see later)
to be −1.09 MJ mol−1. Thus, by measuring �Ha−s for an acid and measuring
�Hs−s for a corresponding salt we can calculate �H+ s for the cation.

�Hp−s − �H+s = �Ha−s − �Hs−s

�H−s = �Hs−s − �H+s

Values for the enthalpy of hydration for various ions are given in Table 1.3. The
Born model values are not good but are by no means disastrous either. The glaring
oversimplification of the Born model is that it does not consider the molecular
nature of the solvent.

1.2.3
The Structure of Water

Water consists of two O–H σ bonds formed by the overlap of sp3 hybrid orbitals of
oxygen with the s orbitals of hydrogen. Oxygen has two lone pairs of electrons and
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Table 1.3 Comparison between theoretical and experimental ion–water interactions at
25 ◦C.

Ion ∆Hi−H2O (kJ mol−1)

Theoretical Experimental

Li+ −66.4 −35.0
Na+ −41.9 −28.4
K+ −29.9 −23.6
Rb+ −27.0 −22.4
Cs+ −23.6 −21.0
F− −29.3 −23.6
Cl− −22.0 −15.5
Br− −20.4 −14.0
I− −18.5 −11.6

because of the repulsion between these lone pairs the angle between these O–H
bonds is not quite the tetrahedral angle.

105°

H

O

H

H d+

2d− O

H d+

Water has a dipole moment, µw = 6.23 × 10−30 C m. Because of the two lone
pairs of electrons on O, each O can form two hydrogen bonds; that is,

O

H

H

O

H

H

+O
H

H
−O

H

H

O

H

H

O

H

H

In ice, each water molecule is tetrahedrally coordinated to form a three-
dimensional network of puckered hexagonal rings.
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The structure of liquid water has been studied using many techniques (X-ray and
neutron diffraction (D2O) Raman, IR, and NMR). It is concluded that liquid water
is best described as a somewhat broken down and slightly expanded form of ice.
There is considerable short-range (4 or 5 molecular diameters) order. The nature
of this order is similar to that of ice. Indeed, the heat of vaporization of water and
ice are almost the same at the same temperature.

1.2.3.1 Water Structure near an Ion
The coulombic interaction between an ion and a dipole is always attractive and a
certain number of water molecules are trapped and oriented in the ionic field. The
ion has a sheath of coordinated water molecules.

Some way from the ion, the structure of the bulk water is undisturbed. Between
the solvated ion and the bulk there is a narrow region where the structure of water
is more or less broken down. As we have two regions where the structure of water
is ordered differently, the intervening region must be at least partially disordered
and is called the structure-broken region. The structure-broken region is responsible
for electrolyte solutions having lower viscosities than pure water.

1.2.3.2 The Ion–Dipole Model
This model considers the dipolar nature of water molecules and liquid water to have
a loose ice structure. The ion–solvent interaction now consists of the following:

• The interaction between the ion and n coordinated water molecules of its
hydration sheath

• The energy of a hydrated ion in a dielectric medium
• The energy used to break the structure in the structure-broken region.

For simplicity, we will calculate only �Hi−s; that is, the enthalpy change when
ions are transferred from a vacuum into the solvent. The components of �Hi−s

are as follows:

�Hcf Form a cavity in the water structure large enough to accommodate the ion
with n coordinating water molecules. To do this, remove a cluster of n + 1
water molecules.

�Hcb Break up the cluster into n + 1 separate water molecules in the gas phase.
�Hid Form ion–dipole ‘‘bonds’’ between the ion and n of the water molecules.
�HBc Transfer the solvated ion into the cavity. This is the Born enthalpy of

salvation of the solvated ion.
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�Hcp Position the solvated ion in the most stable orientation in the cavity, that
is, the minimum energy orientation. (�Hcf−�Hcp is the increase in the
energy of the solvent due to structure breaking.)

�Hc Return the leftover water molecules from the gas phase to the solvent.

1.2.3.3 Cavity Formation
Consider only the case of n = 4. Remove a cluster of five water molecules.

This requires breaking 12 H-bonds. For water, a H-bond has �Hf
0. Therefore,

�Hcf = 250 kJ mol−1 (
i.e., per mole of ions

)
1.2.3.4 Breaking up the Cluster

O

H

H H
H

O

H

H

H

H

O

H

O

H
O

This requires the breaking of four H-bonds.

�Hcb = 84 kJ mol−1

1.2.3.5 Ion–Dipole Interaction
Because the water dipoles orient in the field of the ion, the ion is always on the axis
of the dipole and the force between them is attractive (negative).

F = −ε |ze|
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The potential energy at the separation x is the reversible work of bringing the
charge from ∞ to x. Therefore,

PE = −
∫ x

∞
2µw |ze| /4πεε0x3dx

= −2µw |ze| /4πεε0x2

For the ion in contact with n water dipoles, each at separation x = ri + rw and

�Gid = − nNAµw |ze|
4πε0

(
ri + rw

)2 J mol−1

Note that ε = 1 because there is no medium between the ion and the dipole. As
the temperature dependencies of µw, ri, and rw are all negligibly small,

�Sid = −d�G3

dT
≈ 0

and

�Hid = − nNAµw |ze|
4πε0

(
ri + rw

)2 J mol−1

1.2.3.6 The Born Energy
This arises when we transfer the solvated ion, of radius ri + 2rw, into the cavity and
is (Eq. (1.27)):

�HBc = − NA(ze)2

8πε0

(
ri + 2rw

) (
1 − 1

εw
− T

εw
2

dεw

dT

)
J mol−1

1.2.3.7 Orienting the Solvated Ion in the Cavity
Energy is liberated when bonds are formed. Hence, the minimum energy orienta-
tion (the most stable) occurs when as many H-bonds as possible are made between
the solvating waters and the water structure of the cavity. However, it is necessary
that the dipoles solvating the ion are oriented so that unlike poles are in contact.

O

H H

O

H

H

O

H

H

O HH

O

H

H

O

H

H

O

H

H

HH

O

Models show that for cations it is possible to make 10 H-bonds but for anions
only 8.

�Hcp = −10 × 21 = −210 kJ mol−1
(cations)
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�Hcp = −8 × 21 = −167 kJ mol−1
(anions)

1.2.3.8 The Leftover Water Molecules
Returning this to the bulk liberates the heat of condensation of water.

�Hc = −42 kJ mol−1

1.2.3.9 Comparison with Experiment

�Hi−s =
6∑
1

�H′s

�Hi−s = 84 × 103 + �Hid + �HBc J mol−1 for cations

�Hi−s = 126 × 103 + �Hid + �HBc J mol−1 for anions

The calculated values are in fair agreement with the experimental values and,
overall, show a definite improvement over the simple continuum model values.
Note that the ion–dipole interaction makes the largest contribution to the end
result. This suggests that the ion–dipole interaction is the most profitable place to
try to improve the calculation.

1.2.3.10 The Ion–Quadrupole Model
This model takes into account the quadrupole nature of water and the polarization
of the water molecules by the ion.

Water has partial positive charges on each of the hydrogen atoms and partial
negative charges on each of the lone pairs of oxygen. Thus, it is really a quadrupole
and it is only an approximation to treat it as a dipole. This is accounted for by
adding a quadrupole correction term to the dipole interaction term:

�Hid ± �HQ = nNA |ze|
4πε0

(
− µw(

ri + rw

)2 ± Pw

2
(
ri + rw

)3

)

where the positive sign applies to a cation and the negative sign to an anion. Pw is
the quadrupole moment of water; 1.3 × 10−39 C m2.

1.2.3.11 The Induced Dipole Interaction
The force between the ion and the dipole it induces is

F = − 2α′(ze)2

4πεε0x5

The potential energy of interaction is obtained by integrating the negative of this
force from ∞ to x = ri + rw and is

PE = − α′(ze)2

8πε0

(
ri + rw

)4
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Table 1.4 Comparison between theoretical and experimental absolute heats of hydration for
various individual ions at 25 ◦C.

Ion ∆Hi−H2O (kJ mol−1)

Theoretical Experimental

Li+ −36.6 −31.0
Na+ −26.1 −24.5
K+ −19.7 −19.9
Rb+ −17.5 −18.5
Cs+ −15.2 −17.1
F− −29.0 −27.6
Cl− −19.8 −19.5
Br− −17.7 −17.9
I− −15.1 −15.6

Thus,

�Hind = − nNAα′(ze)2

8πε0

(
ri + rw

)4

1.2.3.12 The Results
The expressions for �Hi−s are for cations:

�Hi−s = 84 000 + �Hid + �HBc + �Hind + �HQ J mol−1

and anions:

�Hi−s = 126 000 + �Hid + �HBc + �Hind − �HQ J mol−1

Table 1.4 now shows very good agreement between theory and experiment for
n = 4. The worst result is for Li+, which is due to its very small size.

1.2.3.13 Enthalpy of Hydration of the Proton
Consider a salt MX in which the two ions have equal radii. Subtracting the enthalpy
of hydration of the anion from that of the cation:

�H+s − �H−s = −42 000 + 2�HQ

�H+s − �H−s − 2�Hp−s = −2�Hp−E − 42 000 + 2�HQ

�H+s + �H−s − 2�H−s − 2�Hp−E = −2�Hp−s − 42 000 + 2�HQ

�HMX−s − 2�HHX−s = −2�Hp−s − 42 000 + nNA |ze| Pw

4πε0

(
ri + rw

)3

Halliwell and Nyburg considered the series of salts KF, NH4OH, RbOH, CsCl,
and N(CH3)4I3, in which the anions and cations have very nearly equal radii. A
plot of the LHS against

(
ri + rw

)−3
yielded a straight line giving �Hp−sfrom the

intercept as −1.09 MJ mol−1.
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1.2.4
The Solvation Number

Unfortunately, there is no general agreement about the meaning of the often used
terms solvation number and hydration number. We will use two other terms that
appear to have accepted meanings.

1.2.4.1 Coordination Number
This is the number of solvent molecules that can be placed in contact with the ion.
It is a geometric phenomenon that is important when considering the nonkinetic
properties of ionic solutions.

1.2.4.2 The Primary Solvation Number
This is the average number of solvent molecules that are so strongly bound to the
ion that they move with the ion when it moves (jumps). It is determined from
kinetic measurements and is important in collision processes. It is larger for ions of
high charge density and because it is an average it is often fractional, for example,
for Na+ it is 3 and for Cl− it is 0.5.

1.2.5
Activity and Activity Coefficients

1.2.5.1 Fugacity (f ′)
This is an idealized pressure or vapor pressure defined by

µ = G = RT ln
(
f ′) + B (T) (1.28)

where B(T) is an unknown quantity. f ′ is defined this way because we cannot
measure absolute values of µ, so to get absolute values of f ′ there must be an
unknown in the equation.

Note that f ′ = P when the gas behaves ideally. To illustrate, consider a change for
n moles of gas from state i to state f we have from Eq. (1.28):

�G = n
(
Gf − Gi

)
= nRTln

(
f ′

f

f ′
i

)
Any gas

which compares to the well-known equation:

�G = nRT ln
(

Pf

Pi

)
Ideal gas

1.2.5.2 Dilute Solutions of Nonelectrolytes
Henry’s law (an empirical law) states that for very dilute solutions of nonelectrolytes:

f ′
2 = kNN2

(
Mole fraction scale

)
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where f ′
2 is the fugacity of the solute, N2 is the solute mole fraction, and kN is the

Henry’s law constant (empirical). Note that 1 refers to solvent and 2 to solute. Also,

f ′
2 = kmm2

(
Molal scale

)
f ′

2 = kMM2

(
Molar scale

)
1.2.5.3 Activity (a)
Activity is defined as

a = f ′

f ′0 (1.29)

where f
′ 0

is the fugacity in some chosen standard state. Thus,

µ − µ0 = RT ln

(
f ′

f ′0

)

= RT ln(a) (1.30)

Note that for a given substance, x, in solutions 1 and 2, that:

ax (1)

ax (2)
= f ′

x (1)

f ′
x (2)

which is independent of the standard state chosen.

1.2.5.4 Standard States
We can actually choose any standard states we like but the most useful are

• Gases: The gas at f ′ = 1 atm.
• Solids and liquids: The pure substance at 1 atm external pressure.
• Solvents in a solution: The pure solvent at the same temperature and pressure as

the solution.
• Solutes in a solution: The hypothetical solution of unit concentration that obeys

Henry’s law. As there are three concentration scales, there are three standard
states giving three different values for ‘‘a’’ for the same solution.

SS
Ideal

RealHL
region

0 1
x2 x = N, m, M

f ′2 f ′2 = kxx

f ′20

The standard states are hypothetical because they do not, in general, correspond
to real solutions.
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1.2.5.5 Infinite Dilution
These standard states are preferred because at infinite dilution all activities become
known. As the solution is made more dilute, the solvent approaches the pure
solvent (the standard state); hence, f

′ → f
′ 0

and a → 1. Also, the solution obeys
Henry’s law and:

f ′
2 = kxx and f ′

2
0 = kx

a = f ′
2

f ′
2

0 = x (x = N, m, M)

The activity becomes equal to the concentration and the activity coefficient
becomes unity.

1.2.5.6 Measurement of Solvent Activity
As f ′ = P except at high pressures, it is usually sufficient to measure the vapor
pressure above the solution and above the pure solvent at the same temperature.

a = Psolution

Psolvent

1.2.5.7 Measurement of Solute Activity
There are a great many methods but only one general method. It is based on the
Gibbs–Duhem equation (for µ) and the measured values of a1.

n1dµ1 = −n2dµ2

(
Gibbs − Duhem equation

)
where n represents the number of moles. Now from Eq. (1.30):

µ1 − µ1
0 = RT ln

(
a1

)
Hence,

dµ1 = RTd ln
(
a1

)
Similarly,

dµ2 = RTd ln
(
a2

)
Thus,

d ln(a2) = −n1

n2
d ln(a1)

ln(a2) = −
∫ ln(a1)

0

n1

n2
d ln

(
a1

)
which can be integrated numerically.

1.2.5.8 Electrolyte Activity
The activity of the electrolyte as a whole is still defined by

a2 = f ′
2

f ′0
2

and can be measured as for nonelectrolytes. For individual ions, we define:
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a+a− = a2

a+ = f+N+ a− = f−N−
a+ = y+M+ a− = y−M−
a+ = γ+m+ a− = γ−m−

f+f− = f2 γ+γ− = γ2 y+y− = y2

where f , y, and γ are the activity coefficients on the mole fraction and molar and
molal scale.

1.2.5.9 Mean Ion Quantities
We cannot measure individual ion activities or activity coefficients. When we need
them, we approximate them to the mean ion quantities defined by

a± = (
a+a−

)1/2 = a2
1/2 1 : 1 electrolyte

f± = (
f+f−

)1/2 = f2
1/2 1 : 1 electrolyte

Note that

a2 = a±
2

= (
mγ±

)2
1 : 1 electrolyte

= m2γ2

For a general electrolyte, Aν +Bν − for which ν = ν+ + ν−:

a2 = aA
ν+aB

ν−

a± = a2
1/ν

= (
aA

ν+aB
ν−)1/ν

f± = f2
1/ν

= (
fA

ν+fB
ν−)1/ν (1.31)

1.2.5.10 Relation between f , γ , and y
Activity coefficients are usually tabulated as γ but we often need to convert these to
f or y. Consider 1 l of Aν +Bν − solution of molarity M2 and molality m2.

Moles of positive ions = M2ν+
Moles of positive ions = M2ν+
Moles of ions = M2ν

Moles of solvent = 1000ρ − M2W2

W1

ρ (g cm−1) is the solution density and W1 and W2 the molar masses. Therefore,

Mole fraction positive ions, N+ = W1M2ν+
1000ρ − M2W2 + M2W1ν
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As M2 → 0, ρ → ρ0 (density of pure solvent), then

1000ρ0 � M2W2 + M2W1ν

and

N+0 = W1M20ν+
1000ρ0

As the ratio of activities is independent of the standard state chosen, and since
all activity coefficients approach unity at infinite dilution, we have:

a+
a+0

= f+N+
N+0

= y+M+
M+0

= γ+m+
m+0

We can now work out the relation between any two activity coefficients. Consider
f and y:

f+N+
N+0

= y+M+
M+0

and substituting for N+ and N+0 and rearranging yields:

f+ = y+

(
1000ρ − M2W2 + M2W1ν

1000ρ0

)

Similarly,

f− = y−

(
1000ρ − M2W2 + M2W1ν

1000ρ0

)

and

f± = y±

(
1000ρ − M2W2 + M2W1ν

1000ρ0

)

Further,

γ± = y±

(
1000ρ − M2W2 + M2W1ν

1000ρ0 + m2W1ν

)

and

f± = γ±
(
1 + 0.001m2W1ν

)
1.2.6
Ion–Ion Interactions

1.2.6.1 Introduction
We have seen that there are strong interactions between ions and solvent dipoles.
As the latter have only a fraction of an ionic charge, we must expect that there will
be even stronger interactions between the ions themselves.
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We assume that we can discharge and recharge ions at will. Note that a discharged
ion is not an atom because its radius must remain unchanged. We select one ion
called the reference ion and calculate the reversible work for:

W1

Discharged

Charged

W2

W2−W1 is the change in potential energy of the reference ion due to ion–ion
interactions. If we do not include P�V work in the work calculation, then:

NA(W2 − W1)

= Change in free energy of solution per mole of reference ions

= �Greference ion

= �µi−I (1.32)

Now,

W1 =
∫ ze

0
ψ1dq and W2 =

∫ ze

0
ψ2dq

ψ1 is the potential at the surface of the ion when all the other ions are discharged
and ψ2 when they are charged. Equation (1.31) gives W1 = (ze)2/8πεε0ri. The
problem is to calculate ψ2.

1.2.6.2 Debye–Huckel Model for Calculating ψ2

Debye and Huckel said that there are so many ions around the reference ion that
it is a good approximation to consider these ions as a cloud of ions or a cloud of
charge. As the solution as a whole must be neutral, the ion cloud must have a
charge equal and opposite to that of the reference ion.
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Total charge = −1

Here, we assume that the ions in the ion cloud are point charges and hence can
come right up to the surface of the reference ion.

1.2.6.3 Poisson–Boltzmann Equation
Take the center of the reference ion as the origin. In spherical coordinates, Poisson’s
equation is

1

r2

d

dr

(
r2 dψr

dr

)
= − ρr

εε0

or more conveniently

d2 (
rψr

)
dr2

= − rρr

εε0
(1.33)

where r is the radial distance from the origin and ρr and ψ r are the charge density
(C m−3) and potential at r.

1.2.6.4 Charge Density
Consider an element of volume δV at r:

ρr = n1z1e + n2z2e + n3z3e + . . . + nizie

=
∑

nizie

where n1 is the number of ions of charge z1e per unit volume in the ion cloud. We
do not know these n values but we do know n1

0 · · · ni
0, which are the number per

unit volume in the bulk. They are different because there is a potential in the ion
cloud owing to the reference ion, which is absent in the bulk. Thus, the ions in the
ion cloud have energy zieψ r greater than those in the bulk, and so the Boltzmann
equation yields:

ni = ni
0 exp

(
−zieψr

kT

)

Thus,

ρr =
∑

nizie =
∑

ni
0zie exp

(
−zieψr

kT

)
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This equation can be linearized by recalling:

exp
(

−zieψr

kT

)
= 1 − zieψr

kT
when

zieψr

kT
<< 1

Hence,

ρr =
∑

ni
0zie −

∑
ni

0 zi
2e2ψr

kT

However,
∑

ni
0zie = 0 as the bulk is electrically neutral. Thus

ρr = −
∑

ni
0 zi

2e2ψr

kT

This is mathematically invalid because zieψ r/kT is not considerably less than 1.
However, we must do it to end up with a linear relation between ρr and ψ r, as
demanded by the law of superposition of potential. This somewhat philosophical
problem is the great unresolved difficulty with the Debye–Huckel theory.

1.2.6.5 Solving the Poisson–Boltzmann Equation
Substituting in Poisson’s equation, Eq. (1.33) yields:

d2 (
rψr

)
dr2

= − rρr

εε0
=

(
1

εε0kT

∑
n0

i z2
i e2

)
(rψr)

= K2(rψr) (Poisson–Boltzmann equation)

where K or LD
−1 is the Debye reciprocal length. The Poisson–Boltzmann equation

is of the form:

d2y

dx2
= K2y

for which the general solution is

ψr = A′

r
exp (−Kr) + B′

r
exp (Kr)

where A′ and B′ are constants of integration requiring evaluation.
In the solution bulk, r → ∞ and ψr → 0. Thus, B′ = 0. Further, the equation

must hold in very dilute solution, that is, as n0
i → 0 and hence as K → 0.

ψr = A′

r

(
Infinite dilution

)
But in an infinitely dilute solution there are no ion–ion interactions and the

potential at r is due solely to the reference ion; that is,

ψr = q

4πεε0r

(
Infinite dilution

)
Here, we use q for the charge on the reference ion as it is a variable when we

charge it from 0 to ze. Hence,

A′ = q

4πεε0
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and

ψ2 = q

4πεε0r
exp (−Kr) (1.34)

Now because ri is small, Kri � 1 and the potential at the surface of the reference
ion is given by

ψ2 = q

4πεε0ri

(
1 − Kri

)

1.2.6.6 Calculation of ∆µi−I

From before:

W2 =
∫ ze

0
ψ2 dq

=
∫ ze

0

q

4πεε0ri

(
1 − Kri

)
dq

= (ze)2

8πεε0ri
(1 − Kri)

Now W1 = (ze)2

8πεε0ri
and from Eq. (1.32)

�µi−I = NA(W2 − W1)

= −NA(ze)2K

8πεε0
(1.35)

1.2.6.7 Debye Length, K−1 or LD

LD =
(

1

εε0kT

∑
n0

i z2
i e2

)−1/2

(1.36)

LD is a distance characteristic of the solution, which increases as the solution
becomes more dilute. Equation (6.3) shows that at distance d greater than LD the
influence of the reference ion falls off rapidly and the Debye length is called the
thickness of the ion cloud.

1.2.6.8 The Activity Coefficient
For an ion in solution we have for the mole fractions scale:

µi = µ0
i + RT ln

(
Ni

) + RT ln
(
fi
) (

real solution
)

µi = µ0
i + RT ln

(
Ni

) (
ideal solution

)
Debye and Huckel hypothesized that the difference between real and ideal

solutions is due to ion–ion interactions. Thus,

�µi−I = µi

(
real

) − µi

(
ideal

) = RT ln
(
fi
)

and from Eq. (1.35)

RT ln
(
fi
) = −NA(ze)2K

8πεε0
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We now want to transform this equation into an explicit equation in f ±. From
Eq. (1.31)

ln(f±) = 1

ν
(ν+ ln(f+) + ν− ln(f−))

= − NAe2K

8πεε0RT

(
ν+z2

+ + ν−z2
−

ν

)

As the electrolyte is electrically neutral, ν+z+ = −ν−z− and the factor in brackets
reduces to − z+z−. Thus,

ln
(
f±

) = −NA

(−z+z−
)

e2K

8πεε0RT
(1.37)

Now, Eq. (1.36)

K =
(

1

εε0kT

∑
n0

i z2
i e2

)1/2

n0
i = 1000 CiNA

where Ci is concentration in mol l−1. Thus,∑
n0

i z2
i e2 = 1000NAe2

∑
Ciz

2
i

= 2000NAe2I

where the ionic strength, I, in molar units is defined by

I = 1

2

∑
Ciz

2
i

Thus,

K =
(

2000NAe2

εε0kT

)1/2

I
1/2

= 100BI
1/2

Substituting into Eq. (1.37) yields:

ln
(
f±

) = −−100BNAe2

8πεε0RT

(−z+z−
)

I
1/2

and the Debye–Huckel limiting law is written as

ln
(
f±

) = −A
(−z+z−

)
I

1/2

where

A = 100BNAe2

2.303 × 8πεε0RT
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Table 1.5 Radius of ion cloud at various concentrations of NaCl.

CNaCl (M) LD (nm)

10−4 30.0
10−3 9.6
10−2 3.0
10−1 0.96

1.2.6.9 Comparison with Experiment
For concentrations less than 2 or 3 mM, the Deby–Huckel limiting law is a brilliant
success. However, above ∼5 mM significant discrepancies appear.

0

ExperimentalDHLL

2 × 10−3
I½ / M½

log (f±)

Note that the Debye–Huckel limiting law gives the mole fraction activity coef-
ficient for concentration in M units. However, in the range of the Debye–Huckel
limiting law there is no significant difference between f , y, and γ or between m
and M.

1.2.6.10 Approximations of the Debye–Huckel Limiting Law
Debye and Huckel reasoned that the limiting law breaks down at I ∼5 mM because
of the approximation of considering the ion in the ion cloud to be point charges.
The diameter of an ion is typically 0.3 nm and it is valid to consider the ions in the
ion cloud to be point charges only when the ion cloud is much larger than the ions.
The approximation is clearly better at low concentrations, as shown in Table 1.5.

Debye and Huckel concluded that for ions of finite size the closest their centers
could come together was the distance ‘‘a’’ called the distance of closest approach.
Reworking the maths then leads to

ln
(
f±

) = −A
(−z+z−

)
I

1/2

1 + 100aBI 1/2

(
Debye − Huckel law

)
(1.38)
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Here ‘‘a’’ is in m. It is only at concentrations greater than ∼2 mM that the
denominator varies significantly from 1. Thus, the Debye–Huckel law reduces
to the limiting law at low concentrations. With the ‘‘right value’’ of ‘‘a’’ the
Debye–Huckel law accurately predicts f ± up to 0.1 M.

1.2.6.11 The Distance of Closest Approach
This is also called the ion size parameter. The ions are closest when they collide
and ‘‘a’’ is the distance between their centers on collision.

amin amax

Cations are smaller than anions, and have a higher charge density and hold more
water molecules in their charge density and hold more water molecules in their
primary hydration sheath than do anions. ‘‘a’’ depends on the orientation during
collision.

Currently, we are unable to calculate values of ‘‘a.’’ In Robinson and Stokes’
book, there are extensive tables of ‘‘a’’ values that give the best fit of experimental f ±
data to the Debye–Huckel law. The ‘‘right values’’ of ‘‘a’’ are empirical. However,
it is heartening that these values fall between the two extremes illustrated here.

1.2.6.12 Physical Interpretation of the Activity Coefficient
The success of the Debye–Huckel law permits an unequivocal interpretation of
the activity coefficient in solutions less than ∼0.1 M. Because the Debye–Huckel
law ignores all but the coulombic interaction between the ions, the deviations from
ideal behavior must be due solely to the coulombic interactions between the ions.

1.2.7
Concentrated Electrolyte Solutions

1.2.7.1 The Stokes–Robinson Treatment
Stokes and Robinson hypothesized that there were two approximations made in
the Debye–Huckel law that become untenable in concentrated solutions (>0.1 M).

• Because the Debye–Huckel law makes use of ‘‘a,’’ the distance of closest approach
of hydrated ions, it really calculates f ± for hydrated ions and not for the actual
ions. For example, it calculates f ± for Na+, Cl− + 3.5 H2O and not just for Na+
and Cl− as required. Thus, it erroneously includes the ion- hydration free energy
that needs to be subtracted out.

• In concentrated solutions, much of the water is bound up in the hydration
sheaths of the ions and is not free to act as a solvent. For example, in 1 l of 5 M
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LiCl (primary hydration number = 6) only 25.5 of the 55.5 mol of water are free
solvent molecules. Thus, there is a concentration effect to be considered.

Stokes and Robinson formulated corrections to the Debye–Huckel law, and
because we cannot add or subtract activity coefficients, these corrections must be
formulated in terms of free energies. For n2 moles of electrolyte, the contribution
to the free energy due to nonideality is

n2�µ2−I = n2RT ln
(
f2
)

From Eq. (1.31)

ln
(
f2
) = ν log

(
f±

)
2.303

and Eq. (1.38)

log
(
f2
) = −A

(−z+z−
)

I
1/2

1 + 100aBI 1/2

we have

n2�µ2−I = n2RT ln
(
f2
) = −2.303n2νRT

A
(−z+z−

)
I

1/2

1 + 100aBI 1/2
(1.39)

1.2.7.2 The Ion-Hydration Correction
Consider that the ions in the solution are switched off. As the main interaction
between the ions and water molecules is electrostatic, removing this interaction
causes the activity of water to revert to a value close to that of pure water; that is, 1.
If aw is the activity of water in the real solution, then the change in the free energy
of the solution because of ion hydration is

RT ln
(aw

1

)
J mol−1 of hydrating water

1.2.7.3 The Concentration Correction
The Debye–Huckel law calculates �µ2−I on the basis of the apparent concentration
of the solution, whereas it should be done on the basis of the real concentration.
Thus, we should add a term, r�aG, to the free energy of the solution to account
for the difference between the real and apparent concentrations. For Aν +Bν −, we
write:

r�aG = RT ln
(

ar

aa

)
J mol−1

= RT ln
(

Nr

Na

)

where N is the mole fraction and activity coefficients have been neglected because
no ion–ion interactions are being considered. The apparent mole fraction of cations
is obtained by neglecting solvation and is

Na
+ = n2ν+

nw + n2ν
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where nw is the moles of water in the solution. However, the real mole fraction is

Nr
+ = n2ν+

nw + n2ν − n2nh

For n2v+ moles of cations:

r�aG+ = n2ν+RT ln
(

nw + n2ν

nw + n2ν − n2nh

)

Similarly, for anions:

r�aG− = n2ν−RT ln
(

nw + n2ν

nw + n2ν − n2nh

)

and for the electrolyte as a whole:

r�aG2 = n2νRT ln
(

nw + n2ν

nw + n2ν − n2nh

)

1.2.7.4 The Stokes–Robinson Equation
All our terms have been formulated as solution free energies for n2 moles of
electrolyte and can be summed directly into Eq. (1.39):

n2�µ2−I = n2RT ln(f2) = −2.303n2νRT
A

(−z+z−
)

I
1/2

1 + 100aBI 1/2
− n2nhRT ln(aw)

+ n2νRT ln
(

nw + n2ν

nw + n2ν − n2nh

)

Dividing through by 2.303 n2νRT and rearrange to obtain the Stokes–Robinson
equation:

log
(
f±

) = −A
(−z+z−

)
I

1/2

1 + 100aBI 1/2
− nh

ν
ln

(
aw

) + log
(

nw + n2ν

nw + n2ν − n2nh

)

1.2.7.5 Evaluation of the Stokes–Robinson Equation
Comparison with experiments shows that it is very useful up to several molar.
However, the quantities a, aw, and nh are all empirical (aw depends on both the
electrolyte and its concentration) and it is better to look up values of f ± than
calculate them. The Stokes–Robinson treatment does, however, greatly contribute
to our understanding of the contributions of ionic hydration to the nonideal
behavior of concentrated electrolyte solutions.

1.2.8
Ion Pair Formation

1.2.8.1 Ion Pairs
Occasionally, ions of opposite charge get stuck in each other’s coulombic field and
for that time they constitute an ion pair. Ion pairs exist in a dynamic equilibrium
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quantified by the association constant, K:

A+ + B− ↔ A+B−

K =
[
A+B−]

[A+] [B−]

[A+B−] = K[A+][B−] = KM2 (1.40)

As ion pair formation increases with the square of the concentration, it is most
pronounced at high concentrations.

1.2.8.2 The Fuoss Treatment
This supersedes the older Bjerrum treatment. Fuoss said an ion pair existed
whenever two oppositely charged ions were within the distance ‘‘a’’ from each
other.

A solution contains z positive and z negative ions and Zip ion pairs. The number
of free positive and negative ions is

Zf = Z − Zip

If the number of positive and negative ions is increased by δZ, most remain free
and only a small proportion form ion pairs. Thus,

δZf = δZ − δZip

= δZ (1.41)

If an ion of opposite charge finds its way into the volume (4/3)πa3 around each
free ion, an ion pair is formed. If we neglect, for the moment, the forces between
ions, the probability that a single ion introduced into the solution will form an ion
pair is

Pip = 4πa3Zf

3V

(
no ion − ion forces

)
where V is the solution volume. An ion in an ion pair has an energy, U (negative),
different from that in the bulk. The Boltzmann factor, exp(−U/kT), gives the
probability that a species will exist at an energy U greater than that of some
reference state. Thus,

Pip = 4πa3Zf

3V
exp

(
− U

kT

) (
ion − ion forces

)
The number of ion pairs formed by adding δZ positive and negative ions is

δZip = 2
4πa3Zf

3V
exp

(
− U

kT

)
δZ

Substituting δZf for δZ (Eq. (8.2)) and integrating between Zf = 0 and Zf yields
the number of ion pairs.

Zip = 4πa3Z2
f

3V
exp

(
− U

kT

)
(1.42)
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To evaluate U, recall that the potential a distance ‘‘a’’ from a reference ion is Eq.
(1.34):

ψr = ze

4πεε0a
exp (−Ka)

In a concentrated solution, Ka is not really small compared to unity and it is a
slightly better approximation to write:

exp (−Ka) = 1

1 + Ka

(
exp (−x) = 1 − x + x2

2! − x3

3! + · · ·
1

1+x = 1 − x + x2 − x3 + . . .

)

thus,

ψr = ze

4πεε0a

(
1

1 + Ka

)

and

U = z+z−e2

4πεε0a

(
1

1 + Ka

)

Writing

U

kT
= b

1 + Ka

where

b = z+z−e2

4πεε0akT

we obtain by substitution into Eq. (1.42):

Zip = Z2
f

V

4πa3

3
exp

(
− b

1 + Ka

)
Zip

NAV
=

(
Zf

NAV

)2 4πa3NA

3
exp

(
− b

1 + Ka

)

[A+B−] = [A+][B−]
4πa3NA

3
exp

(
− b

1 + Ka

)

and comparing with Eq. (1.40) shows:

K = 4πa3NA

3
exp

(
− b

1 + Ka

)

As ‘‘a’’ is in m, the units of K are m3 mol−1. In the more usual units of l mol−1,
K is:

K = 4000πa3NA

3
exp

(
− b

1 + Ka

)
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1.2.9
Ion Dynamics

Here, we consider only solutions that are sufficiently dilute for ion–ion interactions
to be unimportant.

1.2.9.1 Ionic Mobility and Transport Numbers
Stokes’ law gives the frictional retarding force, F, (e.g., wind resistance) experienced
by a sphere of radius r moving through a medium of viscosity η at speed s.

F = 6πηrs
(
nondirectional

)
(1.43)

Surprisingly, it applies to microscopic as well as macroscopic bodies.
An ion in an electric field ε attains a steady drift speed when its accelerating and

retarding forces are equal.

zeε = 6πηrs (N)

s = ze

6πηr
ε = uε (1.44)

where u, the ionic mobility, is the drift speed in a unit field. The rate of movement
of charge in the field ε is therefore:

zes = zeuε (Am)

or

zFs = zFuε
(

Am mol−1
)

and dividing by ε yields a quantity that depends only on the ion and is the molar
conductivity of the ion, λ:

zFs

ε
= zFu = λ

(
Sm2mol−1

)
For a z : z electrolyte as a whole, the molar conductivity, �, is

� = λ+ + λ− = z
(
u+ + u−

)
F

(
Sm2mol−1

)
Note: The conductivity (specific conductivity) K, is

K = �C
(
S m−1)

which is related to the measured conductivity, 1/R, by the cell constant CC (m−1):

K = CC

1

R

The transport number of an ion, t, is the fraction of the current carried by the
ion, and for a z : z electrolyte:

t+ = u+
u+ + u−

t− = u−
u+ + u−
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1.2.9.2 Diffusion
This is a process that tends to make the composition of solutions uniform owing to
the ceaseless random motion of the species. Species diffuse from regions of high µ

to regions of low µ. Thus, the driving force for diffusion, FD, is related to a decrease
in µ and hence in activity. Recall that if a force does work on a body increasing its
potential energy, then dPE = Fdx. Thus,

FD = −dµ

dx

(
N mol−1

)
Now,

µ = µ0 + RT ln (a) ≈ µ0 + RT ln (C)

hence,

FD = −RT
d ln (C)

dx
= −RT

C

dC

dx
(N mol−1)

= −kT

C

dC

dx
(N)

The ions or molecules attain a steady drift speed when the accelerating and
retarding forces are equal (Eq. (9.1)) Then,

−kT

C

dC

dx
= 6πηrs

s = − kT

6πηrC

dC

dx

The flux, J, (moles passing through a plane of unit area in 1 s) is hence

J = sC

= − kT

6πηr

dC

dx

(
Fick’s first law

)
= −D

dC

dx
(1.45)

where the diffusion coefficient, D, (m2 s−1) is

D = kT

6πηr

(
Stokes − Einstein equation

)
and from the definition of u in Eq. (1.44):

D = ukT

ze
= uRT

zF

(
Einstein equation

)
1.2.9.3 Fick’s Second Law
Fick’s first law applies to steady-state (time-independent) diffusion. We now
consider time-dependent diffusion.

Consider a slab of solution of area A and thickness l, which is so small that the
concentration gradient across it can be taken as linear. Ions diffuse into the slab
from the left at rate AJ (mol s−1) causing a concentration change given by:

dC

dt
= AJ

Al
= J

l

(
mol m−3s−1

)
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l

x

J

J ′

C dx
dCC ′ = l + C

Ions diffusing from the slab to the right at rate AJ′, change the concentration
according to:

dC

dt
= − J′

l

(
mol m−3s−1

)
The net rate of change of concentration is

dC

dt
= − J − J′

l
(1.46)

And from Fick’s first law in Eq. (1.45):

J = −D
dC

dx

J′ = −D
dC′

dx
= −D

(
dC

dx
− l

d2C

dx2

)

Substituting into Eq. (1.46) yields:

dC

dt
= −D

d2C

dx2

(
Fick’s second law

)
For example, consider that n0 moles of an ion (e.g., Cu2+) are introduced into a

solution in a tube by applying a short anodic current pulse (say, 10 A for 1 ms) to an
electrode sealing one end of the tube. It can be shown that the [Cu2+] at a distance
x from the electrode at time t after the pulse is

C (x, t) = n0

A(πDt)
1/2

exp
(

− x2

4Dt

)

It is easy to prove that this is a solution to Fick’s second law. In a very thin slab
of solution of thickness l:

n (x, t) = AlC (x, t)

and the fraction of the ions in the slab, θ (x,t) is

θ (x, t) =
(

l2

πDt

)1/2

exp
(

− x2

4Dt

)
(1.47)
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1.2.9.4 Diffusion Statistics
The buffeting that the ions or other solute species receive from solvent molecules
causes them to move in a series of jumps. Let λ be the mean length of a jump and
τ the mean time between jumps.

Of course, the ionic jumps occur in 3D but for simplicity we will consider only
jumps in 1D (it has be shown that the end result is the same). Thus, we consider
that ions are constrained to jump along a straight line either to the left or the right
and the jump direction is chosen randomly.

In time t, the ions make N jumps; NL to the left and NR to the right.

L R
0
x

− +

N = t

τ
= NL + NR (1.48)

NR = N − NL NL = N − NR (1.49)

The ion ends up a net distance x from the origin:

x = (
NR − NL

)
λ

and substituting for NR in Eq. (1.49) yields:
x

λ
= N − 2NL

and

NL = N

2
− x

2λ
(1.50)

Similarly,

NR = N

2
+ x

2λ
(1.51)

Now the number of ways, W, of choosing m objects from a set of n objects is

W = n(n − 1)(n − 2) · · · (n − m + 1)

= n (n − 1) (n − 2) · · · (n − m + 1) (n − m) (n − m − 1) · · · 1

(n − m) (n − m − 1) · · · 1

= n!

(n − m)!

However, if the m objects chosen are all identical:

W = n!

m! (n − m)!

Thus, the number of ways we can take NR steps to the right out of a total of N
steps is

W = N!

NR!
(
N − NR

)
!

= N!

NR!NL!
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and substituting Eqs. (1.50) and (1.51) yields:

W = N!

(N/2 + x/2λ)! (N/2 − x/2λ)!

Now, the total number of different journeys of N steps is 2N and the probability
of being at x after N steps is W/2N or:

Px = N!

(N/2 + x/2λ)! (N/2 − x/2λ)!
2−N

ln(Px) = ln(N!) − ln[(N/2 + x/2λ)!] − ln[(N/2 − x/2λ)!] − N ln(2)

This can be simplified using Sterling’s approximation:

ln(M!) = (M + 1/2) ln(M) − M + 1

2
ln(2π)

ln(Px) = 1

2
ln

(
2

πN

)
− (N + 1 + x/λ)

2
ln

(
1 + x

λN

)

− (N + 1 − x/λ)

2
ln

(
1 − x

λN

)
As x/λN � 1 then ln(1 + x/λN) = x/λN and

ln(Px) = 1

2
ln

(
2

πN

)
− (N + 1 + x/λ)

2

x

λN
+ (N + 1 − x/λ)

2

x

λN

= 1

2
ln

(
2

πN

)
− x2

2λ2N

Substituting N = t/τ Eq. (1.48) time t as

P (x, t) =
(

2τ

πt

)1/2

exp
(

− x2τ

2tλ2

)
(1.52)

Comparing Eqs. (1.52) with (1.47), we see that if we take the thickness of the
thin slab, l, as λ (which is the minimum value that has meaning in the statistical
treatment), then the two equations are identical if

D = λ2

2τ

(
Einstein − Smoluwchowski equation

)
This equation relates the macroscopic property of diffusion, D, to its microscopic

properties λ and τ .

1.3
Dynamic Electrochemistry

1.3.1
Review of Fundamentals

1.3.1.1 Potential
The potential (φ) at a point is the potential energy of a unit positive charge at that
point. The zero of the potential scale is the charge at rest at infinity called the
vacuum level. Thus, by definition,
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Potential energy = qφ
(
J
)

where q is the charge in coulombs.

1.3.1.2 Potential inside a Good Conductor
The potential inside a good conductor is everywhere the same; otherwise, charge
would flow to equalize φ.

1.3.1.3 Charge on a Good Conductor
If a good conductor is charged (excess or deficiency of electrons), all that charge
resides at the surface. If it did not, the charge would exist in the interior and
produce a potential difference there contrary to the above point.

1.3.1.4 Force between Charges
For point charges, this is given by Coulomb’s law; that is,

r

q2q1

where ε is the dielectric constant (no units) and is the factor by which the medium
reduces the force between charges. ε0 is the permittivity of free space (8.854 ×
10−12 C2 N−1 m−2 or C2 J−1 m−1).

Coulomb’s law also applies to charged spheres if r is the distance between their
centers. Thus, a charged sphere behaves as if all charge resides at its center.

1.3.1.5 Potential due to an Assembly of Charges
This is given by Poisson’s equation which, for one dimension (x), is,

d2
φ

dx2
= − 1

εε0
ρ

where ρ is the charge density (charge per unit volume, C m−3) which is a function
of x. The electric field (ε) is defined as

ε = −dφ

dx

= 1

εε0

∫
ρdx

Hence,

φ = −
∫

εdx
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Consider a parallel plate capacitor:

+

+
+
+
+
+

−
−
−
−
−

−

r

−
e

x

Integrate

Integrate

Change sign

f

1.3.1.6 Potential Difference between Two Phases in Contact (∆φ)
This is divided into two terms; that is,

�φ = �ψ + �χ

where �φ is the Galvani, or inner potential difference, and is the total potential
difference between the two phases; �ψ is the Volta, or outer potential difference,
and is that part of �φ due solely to charges in the interface; and �χ is the surface
potential difference, and is due to all but the charges on the phases. �χ is mainly
due to the following:

• The adsorption of water dipoles on the surface of the metal. Water is a dipole
because the oxygen is electronegative and attracts electron density from the H–O
σ bonds.

O
H

Hd+

d+
2d−

• Usually, more dipoles are oriented one way than the other, giving rise to a surface
potential difference (�χ ).
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• A good model for a metal is that it is a matrix of ions embedded in a gas of
electrons. The electron gas spills out a little way from the surface, resulting in a
potential difference.

∆c

f d+ d−

Note that:

• Almost always �χ � �ψ and then �φ ≈ �ψ .
• By convention, � = metal – solution. Thus,

�φ = φM − φSolution

1.3.1.7 The Electrochemical Potential (µ)
This is the total potential energy of a charged chemical species in a phase; that is,

µ = Chemical potential energy + Electrical potential energy

= µ + zFφ

where µ is the chemical potential of the species, z its formal charge, and F is
Faraday’s constant.

1.3.2
The Electrically Charged Interface or Double Layer

1.3.2.1 The Interface
Consider two phases in contact; that is,

Interface Bulk βBulk α

Phase βPhase α

The interface is the region where the properties of each phase are influenced by
the presence of the other phase.
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1.3.2.2 Ideally Polarized Electrode
Consider

NaCl(aq)

Voltage supply

Voltmeter

Hg

R

V

Hg

No significant current flows until the applied voltage is greater than 1.2 V; then,

Anode : Hg + Cl− → 1/2Hg2Cl2(s) + e− (∼ +0.2 V)

Cathode : H+ + e− → 1/2H2 (∼ −1.0 V)

An electrode is said to be ideally polarized when no charge-transfer reactions
occur on it; for example, in the range −1.0 to +0.2 V for Hg in NaCl solution. Such
electrodes are preferred for the study of the interface because of the absence of the
complications of charge transfer.

The voltmeter measures the potential difference between one Hg electrode and
the reference electrode (R). If we move the reference electrode back and forth
between the two Hg electrodes we find that the voltmeter reading is unchanged.
This means that all the applied voltage falls at the electrode/solution interfaces;
that is,

f

HgSolution

Applied voltage

Hg

This would not be the case if current flowed. Current flowing through the
resistance of the solution would produce an additional potential difference by
Ohm’s law; that is,

�φ = iRSolution

1.3.2.3 The Helmholtz Model
Helmholtz noted that the above-mentioned form for φ would result if each
electrode/solution interface behaved as a capacitor; that is,

f

V

V

RSolutionC C
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He proposed that the interface behaves as a parallel plate capacitor. If
�φ = (φM – φSolution) is positive, then the metal has a positive charge on its surface
and Helmholtz said anions would be attracted from the solution to the interface
where they would form a sheet of negative counter charge that balances the charge
on the electrode.

y

Anion

Metal

∆y ≈ ∆f

+
+
+
+ Solution

Note that:

• The opposite happens at the other electrode.
• ψ is that part of φ, which is due solely to charges.

The name ‘‘double layer’’ comes from the Helmholtz model, which depicts
the interface as two layers of charge. We can test the model by comparing the
experimental and predicted capacitances. For a parallel plate capacitor,

C = εε0

δC

where δC is the distance between the plates. We now know that good values are
ε = 10 and δC = 0.5 nm. Thus, C = 0.2 F m−2. However, experimentally,

0.4

+

C
(F m−2)

V

Concentrated

0.2

−

Dilute

Hg electrode
in KCl

In summary:

• The Helmholtz model does not predict the variation of capacitance with voltage
found experimentally.
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• However, the one value it does predict is remarkably typical of the range of
experimental values.

• It is theoretically unsound because there seems no good reason why the counte-
rions in a solution do not get attracted over to the electrode surface.

1.3.2.4 Gouy–Chapman or Diffuse Model
Gouy recognized that there were two effects.

• The charge on the electrode changes the distribution of ions by repelling like and
attracting unlike ions. This reduces the internal energy (U), and consequently
the enthalpy, making �H < 0.

• The entropy (S) is maximum when the ions are distributed as randomly as
possible. Repelling like and attracting unlike ions reduces S; that is, �S < 0.

The end result is the particular ionic distribution, which minimizes

�G = �H − T�S

+
+
+
+
+
+
+
+

Normal ion 
distribution

Cation deficiency

Extra anion

0

+

−

r

0

Integrate

Integrate and
change signy

∆y

LD ∆y/e

e
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Chapman derived that for a z : z electrolyte, the Debye length (LD) is given by

LD =
(

εε0kT

2nz2e2

)1/2

where n is the number of cations or anions per m3.
LD is taken as a measure of the thickness of the diffuse layer. Note that LD gets

smaller as n and hence the concentration increases. By ∼1 M, the counter charge
has been compressed to a layer of thickness about the diameter of ions; that is, it
is no longer diffuse, but has become a sheet of charge.

C =
(

2εε0nz2e2

kT

)1/2

cosh
(

ze�ψ

2kT

) (
F m−2)

Note that C increases with n, and hence concentration. Furthermore,

cosh (x) = ex + e−x

2

is always positive and has a minimum value of 1 at x = 0. Thus, the capacitance is
approximately parabolic around the potential at which �ψ = 0. This occurs when
the diffuse layer, and hence the metal, are uncharged.

C

V∆y = 0

Concentrated

Dilute

In summary:

• The predicted capacitance is a great disappointment.

1.3.2.5 The Stern Model
This is a combination of the Helmholtz model and the Gouy–Chapman model.
As in the Gouy–Chapman model, there is a diffuse layer, but as in the Helmholtz
model, the counter charge is not permitted to come right up to the electrode
surface.
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−
−
−
−
−
−
−
−

Normal ion
distribution

Anion deficiency

Extra cation

0

+

−

r

y

∆y ≈ ∆f

CH

Diffuse layer Bulk solutionMetal

Helmholtz layer

CD

The capacitance of the interface is the Helmholtz layer capacitance in series with
the diffuse layer capacitance; that is,

1

C
= 1

CH
+ 1

CD

The capacitance is dominated by the smaller of CH and CD.
The minimum capacitance for dilute solutions occurs at the minimum of CD,

which corresponds to the diffuse layer being uncharged. In the Stern model (and
the Gouy–Chapman model), that occurs when the metal is uncharged and the
measured potential of the electrode is then called the potential of zero charge of the
metal (PZC). According to the Stern model, the PZC corresponds to the potential
of the capacitance minimum (VCM) for dilute solutions. The PZC depends on the
electrode and the solution; for example,

Electrode Solution PZC (V vs SHE)

Hg 0.1 m NaF −0.200
Hg 0.1 m NaI −0.470
Au 0.1 m KCl +0.050
Pt 0.1 m KCl +0.020



1.3 Dynamic Electrochemistry 45

C

V

CD (Concentrated)

CD (Dilute)

CH

C

V

Concentrated

Dilute

VCM ( = PZC)

For solid metals, the PZC also depends a little on the history of the metal.
Apparatus for measuring the PZC on Hg:

Voltage supply

Capillary

Hg

R

V

The drop falls when the gravitational force exceeds the surface tension force.
Surface tension is the force that minimizes the surface area of liquids (drops are
spherical in a zero gravitational field). Like charges on a drop of liquid metal
repel each other, thus tending to expand the surface and hence reduce the surface
tension. At the PZC, the surface tension is maximum and hence so is the drop
size. A fixed number of drops are collected at various values of V and weighed to
find the PZC.

It is found that the PZC and VCM agree for F− but the PZC is always negative of
VCM for Cl−, Br−, and I−. The cation makes no difference.

In summary:

• The Stern model gives a much improved prediction of electrode capacitance.
• Its prediction that the PZC is the same as VCM is wrong for all but F− solutions.
• It suffers from the same theoretical problem as the Helmholtz model. Why does

the counter charges not move over to the electrode surface?

1.3.2.6 The Bockris, Devanathan, and Muller Model
This is a development of the Stern model.
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−
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−
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y

∆y

Diffuse layer Bulk solution

IHP – Inner helmholtz plane

OHP – Outer helmholtz plane

• Adsorbed water dipoles on the electrode. These can have only two orientations.
Either the positive or the negative pole is against the metal and all other
orientations are unstable (flip-flop water).

−
−
−

−
−
−

−
−
−

Low negative charge
on the metal

High negative charge
on the metal

Electrode charge: Negative ⇒ n( ) > n( )

n( ) > n( )Positive ⇒
n( ) ≈ n( )Neutral ⇒

• The ions. Iin general, cations are small and have a high charge density. An
average of four to six water dipoles are oriented and tightly held by the electric
field of a cation. Anions (except F−) are much larger and have a low charge
density. They only weakly hold and average of up to one water dipole.

Cl−, Br−, I−
F−

The hydration sheath around cations and F− prevents them from coming close to
the electrode. The closest they can approach is the outer Helmholtz plane. Anions
can get closer, sufficiently close that the image force (IF) is strong enough to pull
some of them on to the surface.
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The IF is the force between a charge and its induced charge. It is always attractive;
that is,

IF = − (ze)2

4πεε0(2x)2

The IF falls off as (2x)2 and is very strong only at close distances. IFs are so strong
that anions (except F−) contact adsorb (specifically adsorb) on the electrode even
when it is negatively charged. Of course, the contact-adsorbed anions are expelled
from the electrode if its potential is made sufficiently negative. The number of
specifically adsorbed anions increases as the voltage is made more positive. The
following figure shows that the model predicts that the PZC for Cl−, Br−, and I−

solutions are negative of their respective VCM values, as found experimentally.

PZC
(no charge on metal)

VCM
(no charge in diffuse layer)

M IHP OHP

r

y

∆y = 0 

M IHP OHP

r

y

Dy = 0 

Dilute F−

∴ PZC = VCM

M IHP OHP

r

y

∆y < 0 

M IHP OHP

r

y

∆y > 0

Dilute Cl−, Br−, I−

∴ PZC < VCM

• Electrode capacitance. For F− solutions, the capacitance is the same as that given
by the Stern model.
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1

C
= 1

CH

+ 1

CD

and C = CH except in dilute solutions near VCM. For solutions of specifically
adsorbed anions, this model also predicts the hump in the capacitance at high
positive potentials, which is experimentally observed. This is due to the increasing
repulsion that contact-adsorbed ions exert on each other as the contact adsorption
increases.

In summary:

• An improved prediction of the capacitance versus voltage curves results for large
anions.

• The model explains the discrepancy between the PZC and VCM values for large
anions.

• The model is theoretically plausible and is the currently accepted model.

Hg / KCl

0.4

+

C
(F m−2)

V

Concentrated

0.2

−

Dilute

+ V

Concentrated

−

Dilute

Experimental Model

1.3.2.7 Calculation of the Capacitance
Recall that C = 0.2 F m−2 for ε = 10 and δC = 0.5 nm. δC is determined
geometrically thus:

dC
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r(H2O) = 0.138 nm, r(cation) < 0.1 nm; therefore, δC ≈ 0.5 nm.
To measure ε, pure water is placed between the plates of a parallel plate capacitor

and the capacitance determined. In the alternating electric field, each H2O dipole
changes orientation with the field; thus,

+− −+

Measured at normal frequencies, ε = 78.3. If the frequency of the electric field
is increased, eventually it becomes so high that the water dipoles cannot turn fast
enough to keep up. Then all that happens is that the nuclei and the electron cloud
of each water molecule move a little in response to the field; that is,

+ − − +  

Measured at very high frequencies, ε = 6. Thus, ε = 6 for water molecules that
are not free to rotate. Between the electrode and the outer Helmholtz plane, only a
small amount fraction of water dipoles are free to rotate (flip-flop water and cation
hydration sheath water are too strongly bound) and it is estimated that ε has an
average value of ∼10.

1.3.3
Charge Transfer at the Interface

1.3.3.1 Transition State Theory
Consider an ordinary chemical reaction, that is,

A + B → C

Its 2D reaction profile is

≠

∆G ≠

A + B

C

Reaction coordinate

Go
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where 
= is the transition state. Progress of the reaction is described by the passage
along the reaction coordinate. The rate (v) is given by

v = λCACB exp

(
−�G 
=

C

RT

)

where

λ = kBT

h

1.3.3.2 Redox Charge-Transfer Reactions
Consider,

O + ne− ↔ R

Let this reaction occur at the PZC, then �φ = 0 assuming �χ = 0. Charged
species only behave differently from ordinary chemical species in the presence
of an electric field. Thus, at �φ = 0, this charge-transfer reaction behaves as an
ordinary chemical reaction, that is,

≠

∆GC
≠

(1)

(2)

Reaction coordinate

Go

∆GC
≠

where (1) is the potential energy of O as it vibrates about its equilibrium position
in its solvent sheath, plus the potential energy of n electrons in the metal; and (2)
is the potential energy of R vibrating in its solvent sheath.

The rate in the cathodic direction is

vC = λCOCn
e−(M) exp

(
−�G 
=

C

RT

)

As Cn
e−(M)

is a constant for a given metal,

vC = λ′CO exp

(
−�G 
=

C

RT

)

= kC
′CO

where kC
′ is a rate constant (m s−1).
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Similarly, the rate in the anodic direction is

vA = λCR exp

(
−�G 
=

A

RT

)

= k′
ACR

Now, let us change the electrode potential so �φ 
= 0. As the bulk solution
is the reference state for φ, then φ metal has changed while φ solution remains
unchanged. Thus, only the potential energy of the n electrons has changed, and by
the amount −nF�φ J mol−1.

∆GC
≠ + anF∆f

∆GC
≠

(1)

(2)

Reaction coordinate

Go

∆GA
≠(3)

nF∆f

∆G
A

≠
− 

(1
−a

)n
F

∆f

Now, (3) is everywhere nF�φ vertically below (1). As (2) cuts (1) and (3) at an
angle to the vertical, then the cathodic free energy of activation is increased to only,

�G
=
C + αnF�φ where 0 < α < 1

Hence,

vC = λ′CO exp

(
−�G 
=

C + αnF�ϕ

RT

)

= k
′
CCO exp

(
−αnF�ϕ

RT

)

Similarly, the anodic free energy of activation is reduced to

�G
=
C − (1 − α) nF�ϕ

Hence,

vA = k
′
ACR exp

(
(1 − α) nF�ϕ

RT

)

Note:

• The fraction α is called the transfer coefficient.
• Changing �φ changes the free energies of activation in the forward and reverse

directions, causing the rates of both reactions to change.
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We now need to relate these rates to the measured electrode potential (V).
Consider,

Voltage supply

R

V

M C

The voltage supply changes the potential of the metal (M) by passing a current
between the metal and the counter electrode (C). The reading on the voltmeter (V)
is the measured potential of the metal versus the reference electrode (R).

V = φM − φR

= φM − φSolution − (φR − φSolution)

= �φ − �φR

At the PZC, V = VPZC and �φ = 0 (assuming �χ = 0). Thus,

VPZC = −�φR

Hence,

�φ = V − VPZC

As VPZC is a constant for a given electrode/solution combination, then

vC = kCCO exp
(

−αnFV

RT

)
(1.53)

vA = kACR exp
(

(1 − α) nFV

RT

)
(1.54)

Note that changing the voltage in the negative direction makes it easier for the
electrode to expel electrons and more difficult to accept them. Hence, vC increases
and vA decreases.

Now the overpotential (η) is a quantitative measure of the polarization and is
defined by

η = V − E

where the reversible potential (E) is given by the Nernst equation; that is,

E = E0 + RT

nF
ln

(
aO

aR

)
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If the solution composition is maintained constant, then E is a constant and Eqs.
(1.53) and (1.54) become,

vC = k∗
CCO exp

(
−αnFη

RT

)

vA = k∗
ACR exp

(
(1 − α) nFη

RT

)

These rates in mol m−2 s−1 can be changed to rates in current density (A m−2)
by multiplying by nF (C mol−1), that is,

IC = nFvC

(
A m−2)

IA = nFvA

(
A m−2)

IC and IA are the partial cathodic and partial anodic current densities. The net
current density (what we measure with an ammeter) we take as

I = IA − IC

> 0 (anodic processes)

< 0 (cathodic processes)

Therefore,

I = nF

[
k∗

ACR exp
(

(1 − α) nFη

RT

)
− k∗

CCO exp
(

−αnFη

RT

)]
(1.55)

At the reversible potential (η = 0) there is no net oxidation or reduction, hence
I = 0. Thus,

IA = IC = I0

where

I0 = nFk∗
ACR = nFk∗

CCO

is the exchange current density. We may now write

I = I0

[
exp

(
(1 − α) nFη

RT

)
− exp

(
−αnFη

RT

)]
(1.56)

I0 is the rate of the forward and back reactions in A m−2 at the reversible potential
where they are equal. If I0 is large, the charge-transfer reaction is facile and |I|
becomes large at small |η|.

1.3.3.3 The Act of Charge Transfer
The electrons must transfer from the metal to O at the transition state because only
at this point is the energy of (O − ne−) equal to that of R. If the energies were not
equal, the electron transfer would be accompanied by the emission or absorption
of radiation. This does not occur.
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Classically If we pull an electron out of a metal, work is done against the IF
and the potential energy of the electron is increased. The potential energy of the
electron is decreased when it is captured by an ion or molecule.

Distance into solution

Vacuum level

e− in M 

0

Potential energy

Negative
∆U

(1) (2)

Metal surface ≠

At (1) and electron is being removed from the metal, while at (2) and electron is
being captured by O. There is an energy barrier of height �U between the metal
and transition state and the probability of the electron going over the barrier can be
calculated from the Boltzmann equation. It is found to be essentially zero at room
temperature.

Quantum Mechanically Quantum particles can tunnel owing to their wavelike
nature. Consider an electron of energy ε′ incident on a potential energy barrier of
height �U such that ε′ < �U.

y1

y2 y3

ε′
∆U

0 1
x

In the front of the barrier, the wave function can be shown to be

ψ1 = A1 exp
(
ikx

) + B1 exp
(−ikx

)
where

k =
(

8πmε
′

h2

)1/2
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and m is the mass of an electron and the coefficients are complex. Now,

exp
(
ikx

) = cos
(
kx

) + i sin
(
kx

)
has a wave nature and A1exp(ikx) is a wave propagating in the forward direction,
whereas B1exp(−ikx) propagates in the reverse direction. Thus, for A1 > B1, ψ1

represents an electron wave incident on the barrier-only part of which is reflected
back.

The wave function in the barrier,

ψ2 = A2 exp


−

(
8π2M

(
�U − ε

′)
h2

)1/2

x




is decaying exponentially with x at a rate dependent on (�U − ε′) and the amplitude
of the wave function exiting the barrier (A3) is small. On the other side of the
barrier, the wave function is

ψ3 = A3 exp
(
ikx

)
This is again a forward propagating wave of amplitude smaller than that of ψ1.
Thus, an electron can penetrate a potential energy barrier, called tunneling,

provided l is small (l < ∼1 nm) and �U is not infinite. Tunneling is the means by
which O is converted to R at the transition state, as it is considered to be no further
from the metal than the outer Helmholtz plane; that is, ∼0.5 nm.

The wave functions here refer to a single electron and thus only one electron can
tunnel at a time. Hence, these equations (Eqs. (1.53–1.56)) are valid only for n = 1.
This was not known when these equations were first derived and invalid versions
(n 
= 1) of these equations still persist. If data obey these equations for n 
= 1, it is
merely an empirical way of expressing the current density in terms of V or η. This
can be quite useful.

1.3.3.4 The Butler–Volmer Equation
To make these equations strictly valid, replace n in the exponents by 1. Then Eq.
(1.56) becomes

I = I0

[
exp

(
(1 − α) Fη

RT

)
− exp

(
−αFη

RT

)]
(1.57)

To avoid confusion with the older invalid equation, this is sometimes written
with β, sometimes called the symmetry factor, replacing α, that is,

I = I0

[
exp

(
(1 − β) Fη

RT

)
− exp

(
−βFη

RT

)]
(1.58)

Each of these last two equations is the Butler–Volmer equation. It is found that
α or β always has a value of ∼0.5. The Butler–Volmer equation applies to reactions
involving a single charge transfer; for example,

Ag+ + e− ↔ Ag

Fe3+ + e− ↔ Fe2+
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1.3.3.5 I in Terms of the Standard Rate Constant (k0)
Consider a reaction consisting of a single charge-transfer step, that is,

O + e− ↔ R

vC = kCCO exp
(

−αFV

RT

)
(1.53)

Let the measured potential (V) be made equal to the standard potential (E0).
Then,

v0
C = kCCO exp

(
−αFE0

RT

)
= k0

CCO

where,

k0
C = kC exp

(
−αFE0

RT

)

Substituting into Eq. (1.53) yields,

vC = k0
CCO exp

(
−αF

(
V − E0

)
RT

)

Similarly, in the reverse direction, Eq. (1.54) becomes

vA = k0
ACR exp

(
(1 − α) F

(
V − E0

)
RT

)

If O and R are in their standard states, their concentrations are unity (neglecting
activity coefficients) and E = E0. If we also make V = E then vA = vC because it is
at its reversible potential, and from the last two equations we see that

k0
A = k0

C = k0

Hence,

I = nFk0

[
CR exp

(
(1 − α)

(
V − E0

)
F

RT

)
− CO exp

(
−α

(
V − E0

)
F

RT

)]

(1.59)

1.3.3.6 Relation between k0 and I0

Considering Ia, we have from Eqs. (1.59) and (1.57),

Ia = nFk0CR exp

(
(1 − α)

(
V − E0

)
F

RT

)
(1.60)

and

Ia = I0 exp
(

(1 − α) ηF

RT

)
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Substituting

η = V − E0 − RT

F
ln

(
CO

CR

)

yields,

Ia = I0 exp

(
(1 − α)

(
V − E0

)
F

RT

)
exp

(
− (1 − α) ln

[
CO

CR

])

= I0

(
CO

CR

)(α−1)

exp

[
(1 − α)

(
V − E0

)
F

RT

]
(1.61)

From Eqs. (1.60) and (1.61),

nFk0CR = I0

(
CO

CR

)(α−1)

Taking α = 1/2 gives:

I0 = nFk0

(
CO

CR

)1/2

(1.62)

This same equation can be derived by considering Ic. Note that since k0 is
a constant, Eq. (1.62) gives the variation of I0 with concentration for a single
charge-transfer step.

1.3.4
Multistep Processes

1.3.4.1 The Multistep Butler–Volmer Equation
Many electrochemical reactions take place via a mechanism consisting of a number
of steps, both chemical and charge transfer. Such reactions obey the multistep
Butler–Volmer equation,

I = I0

[
exp

(
αaηF

RT

)
− exp

(−αcηF

RT

)]
(1.63)

where αa and αc are called the anodic and cathodic transfer coefficients, which, as
we will see, depend on the mechanism, and do not necessarily equal (1 − α) and
α, respectively.

In Eq. (1.63) and other earlier equations, if η > ∼100 mV then Ia � Ic and Ic

can be neglected; that is,

I = Ia = I0

[
exp

(
αaηF

RT

)]
(1.64)

Similarly, if η < ∼−100 mV, then Ia can be neglected, that is,

I = −Ic = −I0

[
exp

(
−αcηF

RT

)]
(1.65)
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Equations (1.64) and (1.65) are called the high field approximations. I0, αa, and αc

are determined from a plot of η versus log |I|; that is,

0

+

−

log(Io)

logI 

aaF
2.303RT

2.303RT

Slope =

acF
Slope −=

h

I

Slope = Rct

Taking logs of Eq. (1.64) and rearranging gives,

η = RT

αaF
ln(Ia) − RT

αaF
ln(I0)

η = ba ln(Ia) − aa (1.66)

Equation (1.66) is the old empirical Tafel equation. A similar equation can be
written for the cathodic current density, that is,

η = bc ln
(
Ic

) − ac (1.67)

1.3.4.2 Rules for Mechanisms
We take the quasi-equilibrium approach, which is based on the tenets:

• There is only one step, the rate-determining step, which controls the rate of the
reaction.
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• All steps before the rate-determining step are in quasi-equilibrium.
• No step can have more than two chemical reactants.
• Only one electron can be transferred in a charge-transfer step.

For an ordinary chemical step in a mechanism,

A + B

k1−−→
←−−

k−1

C

the law of mass action gives,

v1 = k1CACB v−1 = k−1CC

For a charge-transfer step in a mechanism,

A + B + e−
kc−→

←−−
ka

C

Equations (1.53) and (1.54) give

vc = kcCACB exp
(

−αVF

RT

)

va = kaCC exp
(

− (1 − α) VF

RT

)

Thus, the rate of a charge-transfer step is the same as that of a chemical step but
with the appropriate exponent appended.

1.3.4.3 Concentration Dependence of I0

Equation (1.62) gives this dependence for a simple charge-transfer reaction, but for
a mechanism it can be more complicated. Consider,

A + B + ne− ↔ D

and let it be ‘‘a’’ order in A and ‘‘b’’ order in B. Consider the cathodic direction,

Ic = nFkcC
a
ACb

B exp
(

−αcVF

RT

)

Thus,

I0 = nFkcC
a
ACb

B exp
(

−αcVF

RT

)

Substituting,

E = E0 + RT

nF
ln

(
CACB

CD

)

yields

I0 = nFk∗
c C(a−αc/n)

A C(b−αc/n)
B C(αc/n)

D

Thus, if I0 is known at one set of concentrations (CA, CB, and CD) it can be
calculated at any other.
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1.3.4.4 Charge-Transfer Resistance (Rct)
Recalling that

ex = 1 + x + x2

2!
+ x3

3!
+ · · ·

= 1 + x for x → 0

The multistep Butler–Volmer equation (Eq. (1.63)) can be simplified for η → 0;
that is,

I = I0

[
exp

(
αaηF

RT

)
− exp

(−αcηF

RT

)]
(1.63)

I = I0

(
αaηF

RT
+ αcηF

RT

)
η→0

(
dη

dI

)
η→0

= RT(
αa + αc

)
I0F

= Rct

(
� m2) (1.68)

Thus, for small values of η(|η| < ∼ 10 mV), the interface presents a pure
resistance to charge transfer and Rct yields (αa + αc) if I0 is known.

If we consider only single charge-transfer step reactions (αa = 1−α; αc = α),
then Eq. (1.68) simplifies to(

dη

dI

)
η→0

= RT

I0F
= Rct

(
single charge transfer

)

1.3.4.5 Whole Cell Voltages
Consider the following figure in which the areas of the two electrodes are equal
and it is assumed there is no iR drop in the solution or frit.

Line (a) : 2H2O → 4H+ + O2 + 4e−

Line
(
b
)

: 4H+ + O2 + 4e− → 2H2O

Line (c) : H2 → 2H+ + 2e−

Line
(
d
)

: 2H+ + 2e− → H2

V1 and V2 are the applied voltages required to electrolyze the solution at I1 and
I2. V1 − 1.23 and V2 − 1.23 are the total cell overvoltages required.

V3 and V4 are the cell voltages developed by a fuel cell at I3 and I4. 1.23 − V3

and 1.23 − V4 are the total overvoltage losses of the cell.
Good design minimizes the overvoltages and hence the power losses; for example,

increase the area of the O2 electrode as most of the overvoltage occurs at this
electrode. Note that if the metal is placed in a solution saturated with both H2 and
O2 it comes to a mixed potential (VM) where the net current from (b) and (c) equals
zero. Any metal in contact with any solution comes to a mixed potential at which
the net of all the anodic and cathodic currents flowing equals zero.
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EH+,O2/H2O

(1.17 V)

a

V1

log(Io)

log(I1)
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d

EH+/H2

log(Io)

log(I3)

log(I4) log(I2)

VM

0.1 M H+

Sat. O2

0.1 M H+

Sat. H2

(−0.6 V)

1.3.5
Mass Transport Control

1.3.5.1 Diffusion and Migration
If a solution has a nonuniform composition (i.e., not properly mixed) the composi-
tion will eventually become uniform owing to the random movement of molecules.
This is diffusion and molecules diffuse from regions of high concentration (activity)
to regions of low concentration. Consider,

A → B + ne−
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As A is consumed at the electrode, A diffuses from the bulk of the solution to the
electrode. If A is an ion it will also migrate (migration is the movement of an ion
in response to a potential difference). The passage of current through the solution
produces an Ohm’s law potential difference; that is,

�ϕsoln = iRsoln

If η is increased, eventually the mass transport of A to the electrode by diffusion
and migration cannot keep up with the consumption of A and CA at the electrode
surface drops significantly below CA in the bulk solution. The current then depends
on the mass transport of A to the electrode.

Note that the current reaches a maximum value (IL), the limiting current density.
Then the process has changed completely from activation controlled to mass
transport controlled.

h

log(I )
log(IL)

Mass transport control

Mixed control

Activation control

1.3.5.2 The Limiting Current Density (IL)
Steady-state (time-independent) diffusion is described by Fick’s first law; that is,

JD = −D
dC

dx

(
mol m−2s−1

)
(1.69)

where JD is the diffusional flux of A; that is, the moles of A arriving at the electrode
per unit area per second; dC/dx is the concentration gradient (mol m−4); and D is
the diffusion coefficient (m2 s−1). D has values of ∼10−8 for H+, 5 × 10−9 for OH−,
and 10−10 to 10−9 m2 s−1 for everything else.

The negative sign in Eq. (1.69) arises because diffusion occurs in the direc-
tion opposite to increasing concentration. In practice, dC/dx at the electrode is
approximately linear; that is,
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Cbulk

x
d

where δ is the diffusion layer thickness and has values of ∼0.5 mm for quiescent
solutions (natural convection only) to ∼0.1 mm for stirred solutions. Hence, to a
good approximation,

dC

dx
= Cel − Cbulk

δ

JD = −D
Cel − Cbulk

δ

Now, the flux by migration (JM) is

JM = ± tI

|z| F
(mol m−2 s−1)

where t is the transport number of the ion in the particular solution, or in other
words the fraction of the current carried by the ion in that solution. Take the
positive sign when migration carries the ion toward the electrode (e.g., Fe2+ being
reduced at the cathode) and the negative sign when migration takes the ion away
from the electrode (e.g., Fe2+ being oxidized at the anode).

The total flux (JT) is

JT = JD + JM

= −D
Cel − Cbulk

δ
± tI

|z| F

Substituting

I = nFJT

gives

I = −nDF
(
Cel − Cbulk

)
δ
[
1 −

(
± nt

|z|
)]

Now, t = 0 for neutral molecules and t → 0 if there is a large concentration of
indifferent electrolyte (one that does not participate in the reaction) because almost
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all the current is then carried by the indifferent electrolyte. Then, the process is
diffusion controlled, and to a good approximation,

I = −nFD

δ

(
Cel − Cbulk

)
(1.70)

The maximum or limiting current density results when Cel = 0.

I = nFD

δ
Cbulk (1.71)

Some electrochemical experiments require the current to be diffusion controlled;
for example, polarography and cyclic voltammetry. To achieve this, make the
concentration of the electroactive species small (<∼5 mM) and the concentration
of the indifferent electrolyte much higher (∼100 times).

Polarography and cyclic voltammetry are particularly suited to the study of
reversible processes; that is, reactions for which I0 is so large that I reaches IL while
η is still negligibly small. In polarography,

Cd2+ + Hg + 2e− ↔ Cd
(
Hg

) (
amalgam

)
occurs with η = 0 and V is given by the Nernst equation.

V = ECd2+/Cd = E0
Cd2+/Cd

+ RT

2F
ln

(
aCd2+

aCd(Hg)

)
el

Note that Eq. (1.70) gives the current only at a planar electrode and at the spherical
Hg drop electrode,

I ∝ −D
1/2

(
Cel − Cbulk

)
1.3.5.3 Rotating Disk Electrode
This electrode gives precise control over the diffusion layer thickness, δ. Solution
of the hydrodynamic equations for solution flow across the disk electrode gives

δ = 1.61ν
1/6D

1/3

ω
1/2

(
10 < ω < 1000 s−1)

where ν is the kinematic viscosity factor (viscosity/density, m s−1). Thus, for a
charge-transfer reaction at a particular value of V , I is independent of ω if it is
activation controlled, but dependent on ω

1/2 if it is diffusion controlled.
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2
General Properties of Electrochemical Capacitors
Tony Pandolfo, Vanessa Ruiz, Seepalakottai Sivakkumar, and Jawahr Nerkar

2.1
Introduction

The use of capacitors for electrical energy storage actually predates the invention of
the battery. Alessandro Volta is attributed with the invention of the battery in 1800,
where he first describes a battery as an assembly of plates of two different materials
(such as copper and zinc) placed in an alternating stack and separated by paper
soaked in brine or vinegar [1]. Accordingly, this device was referred to as Volta’s pile
and formed the basis of subsequent revolutionary research and discoveries on the
chemical origin of electricity. Before the advent of Volta’s pile, however, eighteenth
century researchers relied on the use of Leyden jars as a source of electrical energy.
Built in the mid-1700s at the University of Leyden in Holland, a Leyden jar is
an early capacitor consisting of a glass jar coated inside and outside with a thin
layer of silver foil [2, 3]. With the outer foil being grounded, the inner foil could
be charged with an electrostatic generator, or a source of static electricity, and
could produce a strong electrical discharge from a small and comparatively simple
device.

Currently, there are a large variety of different types of capacitors avail-
able, largely classified by the specific dielectric used and/or its physical state
(Figure 2.1). Each type has its own set of characteristics and applications rang-
ing from small trimming capacitors for electronics, large power capacitors
used in high-voltage power factor correction up to high-energy electrochemi-
cal capacitors (ECs) that can contain much greater capacitance (energy) than
is achievable with regular capacitors for a given device size. Research into
ECs has dramatically increased since the early 1990s and has been fueled by
an emerging number of applications requiring their unique combination of
properties that include high specific energy (for a capacitive device), reliabil-
ity, long cycle life, high power (both charge and discharge), and high energy
efficiency.

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Capacitors

Nonelectrolytic
– Dielectric
– Film
– Ceramic
– Variable

Electrochemical
capacitors

EDLC
Activated carbon
Aerogel
Carbon nanostructures
Graphene

HybridPseudocapacitors

Redox metal oxide
RuO2, IrO2, RuOx.xH2O

Co3O4

MnO2, V2O5, FeOx

Redox polymer
Polyaniline
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Figure 2.1 Classification of common types of capacitors.

2.2
Capacitor Principles

A capacitor is a passive component that stores energy in an electrostatic field rather
than in chemical form. It consists of two parallel electrodes (plates) separated by
a dielectric. The capacitor is charged by applying a potential difference (voltage)
across the electrodes, which causes positive and negative charges to migrate toward
the surface of electrodes of opposite polarity. When charged, a capacitor connected
in a circuit will act as a voltage source for a short time. Its capacitance (C), which is
measured in farads (F), is the ratio of electric charge on each electrode (Q) to the
potential difference between them (V) so that:

C = Q

V
(2.1)

For a typical parallel plate capacitor, C is proportional to the area (A) of each
electrode and the permittivity (ε) of the dielectric and inversely proportional to the
distance (D) between the electrodes so that:

C = ε0εrA

D
(2.2)

where ε0 is the permittivity of free space and εr is the dielectric constant (or relative
permittivity) of the material between the plates. Therefore, the three main factors
that determine the capacitance of a capacitor are
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• plate area (common to the two electrodes)
• separation distance between the electrodes
• properties of the dielectric (inductor) used.

Two primary attributes of a capacitor are its energy and power density, both of
which can be expressed as a quantity per unit weight (specific energy or power) or
per unit volume. The energy E (J) stored in a capacitor is related to the charge Q
(C), at each interface and the potential difference V (V), and therefore is directly
proportional to its capacitance:

E = 1/2 × CV2 (2.3)

Maximum energy is achieved when V is at a maximum, which is usually limited
by the breakdown strength of the dielectric.

In general, power (P) is the rate of energy delivery per unit time. The resistance
of the internal components of the capacitor (e.g., current collectors, electrode
materials, dielectric/electrolyte, and separators) needs to be taken into account in
order to determine P for a certain capacitor. The resistance of these components
is usually measured in aggregate and collectively referred to as the equivalent
series resistance (ESR) (�). The ESR, by introducing a voltage drop, determines
the maximum voltage of the capacitor during discharge and therefore limits the
maximum energy and power of a capacitor. The measurement of power for
capacitors is often measured at matched impedance (i.e., the resistance of the
load is assumed to be the same as the capacitor ESR) which corresponds to the
maximum power Pmax., given by

Pmax = V2

4ESR
(2.4)

However, even though the resistance of a good capacitor is typically much lower
than that of the connected load, the actual delivered peak power, although still very
high, is usually lower than Pmax.

2.3
Electrochemical Capacitors

ECs are a special kind of capacitors based on charging and discharging at the
electrode–electrolyte interface of high surface area materials, such as porous
carbons or some metal oxides [3]. They are governed by the same basic principles
as conventional capacitors and are ideally suited to the rapid storage and release of
energy. However, they incorporate electrodes with much higher effective surface
areas (SA) and thinner dielectrics (which are defined by the thickness of the double
layer), leading to an increase in both capacitance and energy; by a factor of 10 000
or so than those achievable by regular capacitors. Therefore, while conventional
capacitors are often rated in the micro- and milli-farad ranges, ECs can be rated
as high as tens, hundreds, and even thousands of farads per device. They still
store electric charge in a highly reversible way, as does a regular capacitor, and
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Figure 2.2 Specific energy and power capabilities of electrochemical energy
storage/conversion devices.

by maintaining a low ESR, can be operated at high specific power (kW kg−1);
substantially higher than most batteries.

While ECs can also be regarded as functioning like rechargeable batteries in
storing or delivering electric charge, their mechanism of charge storage differs
from those typically operating in batteries (i.e., electrostatic/non-faradic vs chemi-
cal/faradic). Therefore, ECs should not be considered as battery replacements but
rather as complementary energy storage devices occupying a niche position, in
terms of specific power and energy. Through appropriate cell design, both the
specific energy and specific power ranges for ECs can cover several orders of
magnitude, which makes them extremely versatile as a stand-alone energy supply
for certain applications, or in combination with batteries as a hybrid system. This
unique combination of high power capability, coupled with good specific energy,
allows ECs to occupy a functional position between batteries and conventional
capacitors (Figure 2.2, Table 2.1). They can offer very fast charge and discharge
rates relative to batteries of a comparable volume, but their specific energy is less
than that of batteries. The highly reversible and rapid charge acceptance/delivery of
ECs arises largely due to the fact that no slow chemical processes or phase changes
take place between charge and discharge as they do in most battery-type energy stor-
age devices. In addition to their high power density, ECs have several advantages
over electrochemical batteries including very short charge times, longer cycle life
(millions vs thousands for batteries), long shelf life, high efficiency (charge in ≈
charge out) and can be fully charged or discharged without affecting performance
or lifetime [3, 4]. An important difference between a capacitor and a battery is that
there is always an intrinsic increase in voltage on charge (or decrease on discharge)
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Table 2.1 Comparison of typical capacitor and battery characteristics.

Characteristics Capacitor Carbon EDLC Battery

Examples Al, Ta oxide,
condenser

Activated carbon in
H2SO4 or
TEABF4/ACN

Lead acid, Ni-Cd, and
Ni-MH

Storage mechanism Electrostatic Electrostatic Chemical
E (Wh kg−1) <0.1 1–10 ∼20–150
P (W kg−1) �10000 500–10 000 <1000
Discharge time (td) 10−6 –10−3 s Seconds to minutes 0.3–3 h
Charging time (tc) 10−6 –10−3 s Seconds to minutes 1–5 h
Efficiency (td/tc) ∼1.0 0.85–0.99 0.7–0.85
Cycle life (cycles) �106 > 106 ∼1500

(�10 yr) (>10 yr) (∼3 yr, less for high
drain applications)

Limited by: Design Impurities Chemical
reversibility

Materials Side reactions Mechanical stability
Vmax High <3 V Low
Determined by: Dielectric thickness Electrode stability Thermodynamics of

phase reactions
Strength Electrolyte stability

Charge stored Between charged
plates

Interface
electrode/electrolyte

Entire electrode

Determined by: Geometric area of
the electrodes

Electrode
microstructure

Active mass

Dielectric Active surface area Thermodynamics
Electrolyte

Discharge profile V/t: linear trend V/t: linear trend Discharge plateau
Self-discharge Low Moderate (µAmA) Low

E, specific energy; P, specific power; Vmax, maximum cell voltage.

for a capacitor as a result of the increase (or decrease) in charge stored on the
capacitor electrodes (Q/A). In contrast, a battery typically has a close to constant
voltage during charge or discharge except when its state of charge approaches 100%
charge (top of charge, TOC) or close to 0% (end of discharge, EOD) (Figure 2.3).
Therefore, for applications requiring a constant output voltage, capacitors will
require a DC–DC converter to regulate and stabilize their output. Both batteries
and capacitors will require an inverter if alternating current is required.

A number of reviews have discussed both the science and technology of ECs
for various configurations and electrode materials [3, 5–12]. Current research into
ECs can be divided into three main areas, based primarily on their mode of energy
storage and construction: (i) the electric double-layer capacitor (EDLC), (ii) the
redox EC (also referred to as pseudocapacitor), and (iii) hybrid systems incorporating
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Figure 2.3 Comparison of charge and discharge behavior for an ideal capacitor and
battery.

combinations of double layer and pseudocapacitance (Figure 2.1). Despite the wide
array of possible materials and device architectures, the EDLC version is currently
the most developed form of EC and dominates the market. Carbon, in its various
forms, is currently the most extensively examined and widely utilized electrode
material in commercial EDLCs.

ECs are also often referred to by a number of alternative names including
double-layer capacitors, supercapacitors, ultracapacitors, power capacitors, gold
capacitors, pseudocapacitors, and power cache, each supposedly used to indicate
different types of capacitors that display high capacitance [13]. However, these
names are often associated with a brand or company trade name and therefore do
not always provide a useful indication of the type of capacitor or underlying storage
mechanism. As the specific energy of ECs are many orders of magnitude higher
than for conventional capacitors, the use of the terminology super- or ultracapacitor,
in particular, is very popular and sometimes unwisely used to replace the broader,
but more correct, electrochemical capacitor classification. Even then, there are also
regional preferences as to whether supercapacitor or ultracapacitor is employed.
NEC in Japan was the first to produce commercial ELDC-type devices, in the
1970s, under the name supercapacitor, whereas in the United States, Pinnacle
Research Institute introduced a high-power EC in the 1980s under the name
PRI Ultracapacitor [13–15]. This latter device was not an EDLC but rather a
ruthenium/tantalum oxide device; a redox pseudocapacitor and yet ultracapacitor
is routinely used nowadays to also describe EDLC type devices, particularly in the
United States. As the EC market continues to grow and expand into a greater
number of applications, the need for a uniform classification and taxonomy system
will become essential.
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2.3.1
Electric Double-Layer Capacitors

The concept of the double layer has been studied by chemists since the nineteenth
century when von Helmholtz first developed and modeled the double-layer concept
in his work on colloidal suspensions [16]. However, it was not until 1957 that
the practical use of a double-layer capacitor, for the storage of electrical charge,
was demonstrated and patented by H.I. Becker of General Electric [17]. This early
patent utilized porous carbon electrodes in an aqueous electrolyte; however, it was
not until 1966, in a patent granted to R.A. Rightmire [18] of the Standard Oil
Company of Ohio (SOHIO) and a follow-up patent by SOHIO coworker D.L. Boos
[19], that it was acknowledged that these devices actually store energy in the
electrical double layer (non-faradically), at the interphase between the electrode and
electrolyte solution. The first commercial double-layer supercapacitors originated
from SOHIO [20] and consisted of carbon paste electrodes, formed by soaking
porous carbon in an electrolyte separated by an ion-permeable separator [19].
SOHIO also utilized nonaqueous electrolytes in their early devices, but a lack of
sales saw them transfer the license to NEC in 1971, who further developed and
successfully marketed double-layer supercapacitors, primarily for memory backup
applications [15]. Currently, a number of high-performance EDLC devices, based
on porous carbons, are commercially available from a range of manufacturers and
distributors around the world for an expanding range of applications [10, 14].

2.3.1.1 Double-Layer and Porous Materials Models
The Helmholtz double-layer model states that two oppositely charged layers are
formed at an electrode–electrolyte interface and are separated by an atomic distance.
This model was subsequently extended to the surface of metal electrodes in the late
nineteenth and early twentieth centuries [21–25]. Stern [23] combined the early
Helmholtz model with the more refined Gouy–Chapman model and recognized
that two regions of ion distribution exist at the electrode–electrolyte interface: an
inner region called the compact layer (or Stern layer) and a diffuse layer [9, 23]. In
the compact layer, ions (usually solvated) are strongly adsorbed by the electrode
while in the diffuse layer there is a continuous distribution of electrolyte ions
(both anions and cations) in solution driven by thermal motion. Therefore, the
capacitance at an electrode–electrolyte interface double layer (Cdl) can be regarded
as consisting of two components, the compact double-layer capacitance (CH) and
the diffuse region capacitance (Cdiff). CH and Cdiff are conjugate components of the
overall double-layer capacitance (at a single electrode), Cdl, corresponding to the
series relationship:

1

Cdl
= 1

CH
+ 1

Cdiff
(2.5)

The factors that will ultimately determine the electric double-layer capacitance
include the electrode material (conducting or semiconducting), electrode area,
accessibility to the electrode surface, the electric field across the electrode, and
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electrolyte/solvent properties (i.e., their interactions, size, electron-pair donicity,
and dipole moments).

In EDLCs, the electrode material is usually highly porous, and therefore the
double-layer behavior at the pore surface is more complex. In very fine pores, the
dimensions of the double layer can be comparable with the effective pore width so
that in the finest pores, the extension of the diffuse layer into the pore can result
in an overlap of diffuse layers from opposite surfaces resulting in a redistribution
of the diffuse layer ions [3]. This redistribution of the ionic concentration profile
at the surface will be greater when the ionic content is low and may contribute to
the enhanced double-layer capacitance observed for carbons containing very fine
(<1 nm) porosity [8].

Recently, Huang et al. [26, 27] proposed an alternative approach for modeling the
double layer at the surface of porous materials. Their heuristic model is based on
density functional theory calculations and analysis of experimental data and takes
into consideration the curvature of the pore walls, in the calculation of capacitance,
by introducing appropriate curvature terms into Eq. (2.2). They observed that
for significantly large pores (e.g., macropores, >50 nm), the capacitance can be
adequately described by the traditional EDLC approach based on a parallel plate
(discussed earlier) as the pore curvature is not significant and can be approximated
as planar. However, they found that by taking into consideration the curvature of
smaller pores into their model (i.e., mesopores, 2–50 nm and micropores, <2 nm),
capacitance calculations displayed an improved correlation with electrode surface
properties (pore size, surface area) and electrolyte properties (concentration, ion
size, dielectric constant, etc.). By assuming that mesopores were cylindrical, the au-
thors developed a model whereby the solvated counterions enter pores and approach
the pore walls of the cylindrical pore to form an inner cylindrical arrangement of
adsorbed ions to form an electric double-cylinder capacitor (EDCC). For micropores,
however, the small pores do not allow the formation of a double cylinder as the pore
width cannot readily accommodate more than one solvated counterion. Therefore,
the solvated (or desolvated) ions line up to form a single line of counter ions,
within the cylindrical micropore, which is described as an electric wire-in-cylinder
capacitor (EWCC). This extension to the classical double-layer model has shown
to be universally applicable to a diverse range of carbons and electrolytes and also
supports the anomalous increase in capacitance for carbons with pores below 1 nm,
reported by several authors [28–30], as well as the partial or complete desolvation
of ions before their entry into fine micropores (for more details, see Chapter 7).

In addition to variations in double-layer properties, porous materials also in-
troduce ion transportation restrictions through the complex network of pores.
The high porosity of carbons that allow the high capacitance of EDLCs to be
realized depends on fine porosity that may restrict electrolyte diffusion rates
which in turn lead to a slower response time (relative to conventional capaci-
tors). The movement of electrolyte ions within the pore network of EDLCs will
experience varying degrees of mass transfer limitations associated with confined
pores, the tortuous path through the carbon material, pore lengths, and ion
sieving/exclusion effects at pore openings; particularly openings that approach,
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Figure 2.4 An idealized model of a cylindrical pore and distributed capacitance (RC net-
works) within a pore. The equivalent circuit model (transmission line network) highlights the
increasing resistance of capacitive networks with increasing pore depth.

or are smaller than, the size of the solvated electrolyte molecules [30, 31]. Hence,
not all the surface of the porous electrode will be accessed by the electrolyte in the
same time frame and, therefore, upon discharge, the rate at which the capacitance
can be delivered will also vary.

De Levie [32] developed a model to describe the distribution of capacitance in
porous electrodes and it is summarized schematically in Figure 2.4. Figure 2.4
shows a small section of a single pore, which is assumed to be cylindrical, and
the distribution of capacitance is represented as a simplified equivalent circuit
consisting of parallel RC circuits (each a resistor and capacitor combination)
sometimes also referred to as a transmission line model [3, 10, 32]. Rs, represents
the bulk solution (electrolyte) resistance, and the electric double-layer capacitance,
Cdl, is distributed across the pore wall surface. In series with each area of interfacial
capacitance (Cdl) distributed down the pore wall, is an additional electrolyte
resistance, Rx, associated with the movement of ions within the pores. As the
electrolyte moves deeper into a pore (particularly narrow pores), it is increasingly
influenced by interactions with the pore walls and pore geometry; which, in
turn, influences the capacitive response of the material. Thus, the capacitance
stored near the pore opening is accessed via a shorter and less resistive path
than the capacitance deeper within the pore, which has additional electrolyte-
resistive contributions (R1+2+3+ . . . ). This distribution of charge creates a more
complicated electrical response (particularly at high frequencies) with no single
characteristic response time although typical EC response rates are still generally
in the millisecond to seconds range, depending on design [10].

2.3.1.2 EDLC Construction
As previously described, EDLCs store energy in much the same way as a tradi-
tional capacitor, namely, by means of charge separation. The main difference is
related to the higher capacitance values provided by EDLCs; achieved through the
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utilization of high-surface-area porous materials (usually AC) in contrast to the
two-dimensional planar plates typically found in conventional capacitors. EDLCs
can store substantially more energy than a conventional capacitor (by several orders
of magnitude) due to the following:

1) The increased amount of charge that can be stored on a highly extended
electrode surface area (created by a large number of pores within a high-
surface-area electrode material)

2) The small thickness of the so-called electrical double layer at the interphase
between an electrode and the electrolyte.

EDLC construction is similar to a battery in that there are two electrodes immersed
in an electrolyte, with an ion-permeable separator located between the electrodes
to prevent electrical contact (Figure 2.5a). In the charged state, the electrolyte
anions and cations move toward the positive and negative electrodes, respectively,
giving rise to two double layers, one at each electrode–electrolyte interface. The
separation of ions also results in a potential difference across the cell (Figure 2.5b).
As each electrode–electrolyte interface represents a capacitor, the complete cell
can be considered as two capacitors connected in series. For a symmetrical
capacitor (i.e., identical electrodes) the cell capacitance (Ccell) will therefore be

1

Ccell
= 1

C+
+ 1

C−
(2.6)

where, C+ and C− represent the capacitance of the positive and negative electrodes,
respectively [3, 33]. Given the fact that in a symmetric device the capacitance for the
positive electrode (C+) equals that of the negative one (C−), the capacitance of the
complete cell becomes half of the capacitance of each individual electrode; that is,

Ccell = Ce

2
(2.7)

where Ce = C+ = C−.
Therefore, when reporting, or comparing capacitance values from different

sources, it is important to specify if they are cell capacitance or electrode capacitance
values. Literature values of specific capacitance often quote the capacitance of a
single carbon electrode; usually derived from a three-electrode measurement that also
incorporates a reference and counter electrode [34]. This value will be higher than
the actual cell capacitance, which is also referred to as a two-electrode measurement.
Moreover, it is necessary to compare relative specific capacitance values, either per
unit mass or volume. The specific (gravimetric) capacitance of an electrode, Ce, is
given by

Ce

(
F g−1) = 2 × Ccell

me
(2.8)

where me is the weight of active material (in grams) present in a single electrode.
Conversely, by dividing Ce by 4, the gravimetric capacitance of the whole cell (on
an active material basis) can be obtained. Capacitance may also be reported as
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Figure 2.5 (a) Representation of an electrochemical double-layer supercapacitor (in its
charged state), (b) typical potential profile across a charged electrochemical capacitor, and
(c) equivalent circuit model for an electrochemical capacitor.

normalized capacitance (capacitance per unit area), defined as

C
(
µF cm−2) = Ce (F g−1)

SA (m2 g−1)
102 (2.9)

where SA is the surface area of the active electrode material. In general, specific
capacitance values for carbon are in the range of 10–30 µF cm−2 [3].

As many capacitor applications are constrained by volume rather than weight,
it is sometimes more appropriate to express the data as volumetric capacitance
(F cm−3). This can be obtained by dividing the gravimetric capacitance by the
density of the active material. While the volumetric and gravimetric capacitance of
electrode materials are a useful guide to assess the quality of the active material,
care must be taken in extrapolating these values to fully packaged cells as the
weight (or volume) of other critical cell components (binder, additives, collectors,
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electrolyte, separator, hermetic packaging, and connectors) needs to be taken into
account. It is not usual for the active material to constitute only 20–30% of the final
packaged device depending on the design, size, and intended application.

Analogous to De Levie’s [32] approach to describe the distribution of capacitance
in porous materials as parallel RC circuits, a simplified RC equivalent circuit is also
often used to describe the basic operation of an EDLC. An RC circuit schematic
representation of the double-layer capacitor described in Figure 2.5a,b is shown
in Figure 2.5c. C+/

_ and Rf+/
_ are the capacitance and faradic resistance for the

positive and negative electrodes, respectively. Rf is considered to be responsible
for the discharge of the cell. Rs is the ESR of the cell. A time constant, τ , is often
determined to provide an indication of the time response of the device, which is
calculated as the product of resistance (R) × capacitance (C) [10].

The overall performance of an EDLC is influenced by two main factors, the choice
of the active electrode material, which will define the capacitance of the device, and
the electrolyte utilized, which will determine the operational voltage. These factors,
and several additional sources, influence the internal resistance (ESR) of the device
[33, 35] including the following:

• The intrinsic electronic resistance of the electrode material
• The interfacial resistance between the active electrode material and current

collector
• The ionic (diffusion) resistance of ions moving in small pores
• The ionic resistance of ions moving through the separator
• Electrolyte ionic resistance.

A high internal resistance will limit the power capability of the capacitor, and
ultimately, its application.

Similar to batteries, capacitors are often connected together in series and/or
parallel combinations in order to reach a higher specific voltage and/or capacitance
rating [36]. The number of cells required is determined by the system variables
(which, in turn, are set by the application), such as allowable voltage change, current
(or power), and duration time. As sustained overvoltage can cause cell failure, it
is critical that when cells are attached in series, the voltage across each cell does
not exceed the maximum rated voltage. This can easily occur if the individual ESR
of the series-connected cells are not identical (a quality control issue) or if one or
more cells begins to age, deteriorate, or even fail. Many electrochemical modules,
which contain multiple cells, also incorporate a cell balancing system that utilizes
a passive bypass component or an active bypass circuit to control the current and
voltage across each cell [36].

The Electrolyte The types of electrolytes that can be used in EDLCs can be classified
into three broad groups: (i) aqueous, (ii) salts dissolved in organic solvents, and (iii)
ionic liquids (ILs). The advantages and disadvantages of each electrolyte system are
summarized in Table 2.2. While early EDLCs were aqueous based, there has been
a trend toward organic electrolytes in order to achieve higher operational voltages
and therefore greater specific energy. Accordingly, another advantage of achieving
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Table 2.2 Comparison of typical electrolyte properties.

Electrolyte EW K η Cost Assembly Toxicity Ion size Pseudo-
environment capacitance

Aqueous ≤1 H L L Air L HSO−
4 (aqueous) =

0.37 nm K+

(aqueous) = 0.26 nm

Yes

Organic 2.5–2.7 L M/H M/H Inert
atmosphere

M/H Et4N+ · 7ACN = 1.30
nm (solvated) (0.67
nm bare cation)
BF4 · 9ACN = 1.16
nm (solvated) (0.48
nm bare anion)

No

ILs 3–6 VL H VH Inert
atmosphere

L EMI+ = 0.76 × 0.43
nm TFSI = 0.8 × 0.3
nm

No

EW (electrochemical window, V); κ (experimental ionic conductivity at 20 ◦C, mS cm−1); η (viscosity
at 20 ◦C, cP); L (low); M (moderate); H (high); VH (very high); VL (very low); ethylmethylimdazole
(EMI+); bis(trifluromethanesulfonyl)imide (TFSI−); and pseudocapacitance (pseudoC).

high cell voltages is that the number of cells required to obtain a high-voltage
module (by connecting cells in series) is reduced. This will also partially offset the
higher cost of organic cells, reduce the burden on voltage balancing circuits, and
improve reliability.

Cell voltage is an important determinant of both the specific energy and power of
ECs as their final operating voltage is dependent on electrolyte stability. Aqueous
electrolytes, such as acids (e.g., H2SO4) and alkali (e.g., KOH) have the advantage of
high ionic conductivity (up to ∼1 S cm−1), low cost, and wide acceptance; however,
they have a restricted voltage range with a relatively low decomposition voltage
of ∼1.23 V (determined by the electrochemical breakdown of water) [37]. Careful
selection of current collectors (and packaging) is also required to avoid corrosion
in alkali or acidic electrolytes. However, a major advantage of aqueous electrolytes
is that the specific capacitance (F g−1) of carbons in aqueous electrolytes tends to
be significantly higher than that of the same electrode in nonaqueous solutions, a
feature that is attributable to the higher dielectric constant of aqueous systems [38],
together with the higher surface accessibility of smaller aqueous ions [9]. While
the low operational voltage of aqueous systems poses a significant limitation if
targeting high energy, they do offer alternative benefits particularly if targeting
high-power or lower cost devices. Aqueous solutions (30% w/w) of sulfuric acid
and potassium hydroxide have ionic conductivity values, 730 and 540 mS cm−1,
respectively; considerably higher than the conductivity of current organic or IL
electrolytes. The higher conductivity of aqueous electrolytes will reduce the internal
resistance of the device and maximize its specific power. Also, not only are aqueous
electrolytes less costly but, since there is no need for thorough solvent drying or
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assembly under inert atmospheres (as is generally the case for organic and IL
electrolytes), their fixed manufacturing cost can also be considerably reduced.

Nonaqueous electrolytes of various types allow the use of cell operating voltages
up to 2.7 V [37, 39]. As the specific energy of supercapacitors is proportional to the
square of the operating voltage, high-voltage nonaqueous devices are attractive for
high-energy applications, and electrolyte mixtures of solvents, containing dissolved
quaternary alkyl ammonium salts, are routinely utilized in many commercial
supercapacitors. However, since the electrical resistivity of nonaqueous electrolytes
is at least an order of magnitude higher than that of aqueous electrolytes, the
resulting capacitors generally have a higher internal resistance (ESR). The most
common organic electrolyte for EDLCs is an alkyl ammonium salt dissolved in an
aprotic solvent. A 1 M solution of tetra-ethylammonium tetrafluoroborate (TEABF4)
has an ionic conductivity of 60 mS cm−1 when dissolved in acetonitrile (ACN) and
around 11 mS cm−1 when the less volatile propylene carbonate (PC) solvent is
used.

While both aqueous- and organic-electrolyte-based EDLCs have found their way
into the market, there are currently only limited reports of commercial EDLCs that
contain IL electrolytes [40, 41]. ILs are a class of organic salts that are liquid at
relatively low temperatures (<100 ◦C); some of these can be used as solvent-free
electrolytes in EDLCs, thereby avoiding the flammability and volatility concerns
often associated with organic solvent-based electrolytes. However, currently the
ionic conductivity of room temperature ionic liquids (RTILs) is considerably lower
than that of common organic EDLC electrolytes with the conductivity of the more
promising low-viscosity ILs generally in the range between 0.1 and 15 mS cm−1 at
ambient temperatures [42]. RTILs containing imidazolium or pyrrolidinium cations
with small anions such as tetrafluoroborate (BF4

−), dicyanamide (N(CN)2
−), (flu-

oromethanesulfonyl)imide (FSI−), or bis(trifluoromethanesulfonyl)imide (TFSI−)
have been extensively investigated as electrolytes in EDLCs owing to their attractive
combination of electrochemical stability, conductivity, and viscosity [43]. While
their performance at ambient, or higher temperatures, is promising [44, 45], the
viscosity of RTILs increases rapidly at sub-ambient temperatures, causing a dra-
matic reduction in ionic mobility and conductivity (conductivity is inversely linked
to viscosity [46, 47]). The loss of electrolyte mobility at low temperatures results in
a rapid increase in device ESR and loss of accessible capacitance. Another possible
approach to reduce the viscosity of the ILs is the addition of solvents (e.g., butylene
carbonate, diethyl carbonate, ACN [43], gamma-butyrolactone (GBL) [48], etc.), or
addition of salts (LiBF4 [49], LiTf [50], etc.); however, although the viscosity can
be significantly reduced, it can also be accompanied by a decrease in the stable
electrochemical window of the mixture [43].

An important consideration when selecting an electrolyte for porous materials is
the size of the electrolyte ions as they need to be able to access the electrode porosity.
For a given porous material, the smaller the ion size, the higher the accessible
surface area available to the ions. Thus, as aqueous electrolytes often have a smaller
ion size than nonaqueous electrolytes, they provide, in general, higher specific
capacitance values (Tables 2.2 and 2.3). Studies proposed by several authors
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Table 2.3 Properties of most common carbon materials used as electrodes in EDLCs.

Electrode material SA (m2 g−1) C (F g−1)

Aqueous Organic ILs

Activated carbons 1000–3000 200–400 [53, 54] 100–150 [55] 100–150 [30]
Templated carbons 500–2500 120–350 120–135 150
Carbon nanotubes (CNTs) 120–500 20–180 20–80 20–45 [56, 57]
Carbide-derived carbons 1000–1600 — 100–140 [28] 100–150
Carbon blacks 250–2000 <300 [58] — —
Aerogels/xerogels 400–1000 40–220 [59, 60] <160 —

SA: surface area and C: gravimetric capacitance values.

confirm the accessibility of fine micropores, as small as 0.4–0.5 nm in diameter,
to aqueous electrolytes [51, 52]. As ions in electrolyte solutions are stabilized by
a solvation sheath, many early studies argued that micropores were difficult to
access and that mesopores, (2–50 nm) were more useful in EDLCs. Currently,
there seems to be general agreement that small pores including micropores (down
to ∼0.7 nm), are accessible to the majority of organic electrolytes as evidenced
by the high capacitance of microporous carbons [9]. Interestingly, as the size of
solvated electrolyte ions is often larger than 0.7 nm (Table 2.2) the possibility
of desolvation, or partial desolvation, has been inferred from several studies [28,
29]. While mesopores are considered to be useful as transport or feeder pores to
access the fine porosity of active materials, the higher surface-area-to-volume ratio
of micropores makes them particularly effective for generating high surface area
materials.

Electrode Materials EDLCs take advantage of the numerous and frequently cited
properties of carbon materials that include good chemical stability, good electrical
conductivity, availability, and low-moderate cost [61, 62]. Carbon materials have
long been incorporated into the electrodes of energy storage devices primarily as
electroconductive additives, supports for active materials, electron transfer catalysts,
intercalation hosts, for current leads, heat transfer, porosity control, surface area,
and capacitance [63]. The ultimate performance of carbon-based supercapacitors
in EDLCs will be closely linked to the physical and chemical characteristics of the
carbon electrodes. There are an enormous number of carbon materials produced
from a variety of carbonization and activation procedures and materials ranging
from conventional ACs to the more sophisticated carbon nanotubes (CNTs) that
have been evaluated as electrode materials for EDLCs (Table 2.3).

Carbon materials, mainly in the form of ACs, are currently the most widely
utilized active materials in commercial EDLCs. Very few, if any, materials can
match AC for its unique combination of high conductivity and very high surface
area. ACs are also attractive materials for EDLC preparation because of their
stable supply, and the fabrication procedures are well established [64]. They can
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be obtained from a wide variety of carbonaceous precursors (e.g., lignocellulosic
materials, pitch, coal, and many other materials [64, 65]) and the development of
surface area is relatively easy to achieve by means of chemical activation, physical
activation, or a combination of both. Depending on the precursor and activation
procedure used, Brunauer-Emmet-Teller (BET) surface areas varying from 500 to
3000 m2 g−1 can readily be obtained. These high surface areas arise from a complex
network of interconnected pores consisting of micropores (<2 nm), mesopores
(2–50 nm) and macropores (>50 nm). ACs generally tend to have a broad range
of pore sizes; however, some porosity and pore size distribution control is possible
(through precursor selection and activation method), so that the majority of pores
develops in a particular pore size range. As smaller pores have a higher surface-
area-to-volume ratio, microporous carbons (<2 nm) tend to have higher surface
areas and are popular for EDLC applications, although some mesoporosity is also
advantageous to ensure good pore accessibility.

In principle, the higher the surface area of the active material, the higher the
specific capacitance value of the corresponding device. In reality, this relationship
is not so straightforward and several studies have shown that capacitance values
and surface area do not necessarily follow a linear trend, particularly for carbon
materials with a varied or very fine porosity. Aspects such as pore size distribution,
material precursor, electrolyte ion size, surface wettability, and pore accessibility
also need to be considered when evaluating a potential electrode material [34].
While the correlation of capacitance with surface areas derived from gas adsorption
data can be a useful guide, it is not always a reliable indicator of capacitance. This
can be due to the following:

1) Inaccuracies in the determination of surface area [54]. For example, the
widely utilized BET model for the surface area determination often gives an
unrealistically large surface area value for microporous materials owing to the
fact that nitrogen gas is condensed in micropores (rather than simply adsorbed
onto a surface).

2) Different precursors provide ACs with different double-layer capacitance as
explained by Shi et al. [34]. For example, the ratio between the concentration
of basal and edge carbons in the graphite structure is important as it has been
found that the capacitance of edge sites is greater than that for basal carbons
[66–68].

3) Certain activation procedures, or precursors, lead to the formation of ACs
rich in heteroatoms, usually in the form of oxygen or nitrogen [69, 70]. Het-
eroatoms are known to contribute additional capacitance (pseudocapacitance)
owing to the presence of faradic charge-transfer reactions [3, 61, 62] (e.g.,
quinone/hydroquinone redox couple, reversible electrosorption of hydrogen,
etc.). The presence of heteroatoms also influences other carbon properties
such as wettability, point of zero charge, electrical conductivity, self-discharge
characteristics, and long-term performance [71].

4) Inaccessibility of ions to small-diameter micropores, thereby not contributing
to the double-layer formation [72]. On the basis of the experimental results,
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several authors agreed that pores larger than 0.5 nm are electrochemically
accessible to aqueous solutions [52, 54, 73–75]. Lin and coworkers [76] utilized
a form of carbon aerogel to estimate that the optimum pore size in aqueous
sulfuric acid was 0.8–2 nm. Simon and coworkers [8] reported a maximum of
capacitance when the size of the pores is very close to that of the ion size.

5) Space constrictions for charge accommodation inside the pore walls [77]. For
carbon materials whose pore wall thickness is <1 nm, the two adjacent space
charge regions inside the solid begin to overlap, thereby causing a saturation
of capacitance.

ACs can provide varying capacitance values depending on their surface area,
pore size, chemical composition, and electrical conductivity (all a function of their
precursor and activation treatment(s)) In general, capacitance values ranging from
100 to 400 F g−1 are reported in aqueous electrolytes and around 120–150 F g−1

in organic or IL electrolytes. Among the highest capacitance values reported for
carbon, Shi [54] obtained 412 F g−1 for activated Spectracorp carbon microbeads
(in 30% w/w KOH ) and Alonso et al. [53] obtained 400 F g−1 in H2SO4 (aqueous).
ACs can also be prepared in the form of fabrics consisting of woven carbon fibers
prepared from polymeric fiber precursors (e.g., rayon or polyacrylonitrile) [78]. They
are a convenient form of carbon (for electrode fabrication) and highly microporous
materials with high BET surface areas, in the range of 1000–2000 m2 g−1, can be
readily prepared. However, the cost of these materials is higher than powdered
forms of carbon and their volumetric density is also typically low.

Several studies have prepared templated carbons, whereby carbons can be pre-
pared with a very uniform and narrow pore size distribution [79]. Knox and
coworkers [80] established the template technique in 1986, which subsequently
enabled many porous carbon materials to be designed and synthesized with narrow
and controlled porosity [81]. The process consists of the infiltration of a carbon
precursor into the pores of a template (usually a porous alumina, silica, or zeolite)
followed by the removal of the template, which leaves a carbonaceous porous
structure as an inverse replica of the template with a very uniform pore size and
morphology [82]. Mesoporous templated porous carbon materials have been a widely
investigated material for the preparation of EDLCs [9, 83, 84] as the process allows
the preparation of materials with a very narrow pore size distribution, in contrast
to the rather broad pore size distribution of conventional ACs. Owing to the well-
interconnected porous structure in templated carbons, ion diffusion is favorable
and power performance improved. However, as the number and size of available
template materials is limited, it may difficult to produce a carbon with an optimized
porosity. The majority of template materials produces predominately mesoporous
carbons with only moderately high surface areas and capacitance values [26, 85],
although highly microporous carbons, with BET surface areas of approximately
4000 m2 g−1, have also been prepared from the nanochannels of zeolites [86, 87].
Although the templated approach is promising, the cost of templated carbons may
be too high to make them a commercial alternative to other low-cost porous carbon
materials.



86 2 General Properties of Electrochemical Capacitors

Carbide derived carbons (CDCs) are also porous carbon materials with control-
lable microporosity obtained by the extraction of a metal from its carbide at high
temperatures [88, 89]. Testing of CDC-based electrodes in an ethylmethylimida-
zolium bis(trifluoromethanesulfonyl)imide electrolyte provided 150 F g−1 [31] and
around 120–135 F g−1 in 1.5 M TEABF4 dissolved in ACN [55]. CNTs have also
been evaluated as electrode materials for EDLCs. They are interesting as they have
unique properties arising from their nanotubular structure and excellent electrical
characteristics. However, the capacitance values that these materials provide are
typically only in the range of 20 to 80 F g−1 [90]. In order to improve the performance
of CNTs, additional activation or surface functionalization can be undertaken and
capacitance values can be improved to ∼80 to 130 F g−1 [91]. Similar to other
fibrous carbons, CNTs can have low volumetric densities; however, several groups
are investigating the preparation of closely aligned carbon CNTs, which can subse-
quently be densified [92–94] or even grown directly onto a collector with improved
volumetric capacitance values [91]. Aerogels and xerogels, prepared from a sol–gel
synthesis route, have also been extensively evaluated in EDLCs. They generally have
a mesoporous structure with a quite controllable, ordered, and uniform porosity.
However, as only moderately high surface areas are achievable (e.g., 400–1000 m2

g−1); only moderate capacitance values are generally reported for these materials.
Some studies have highlighted that further activation of carbon aerogels leads to the
formation of additional microporosity and increased capacitance; up to 220 F g−1

[59].

2.3.2
Pseudocapacitive Electrochemical Capacitors

Pseudocapacitance: Some materials utilize fast and reversible redox reactions at
their surface [3]. This represents a different kind of capacitance contribution
to double-layer capacitance. This capacitance, which can be quite significant, is
not electrostatic in origin (hence the ‘‘pseudo’’ prefix to differentiate it from
electrostatic capacitance) and occurs when an electrochemical charge-transfer
process takes place to an extent limited by a finite amount of active material or
available surface [3].

The most commonly investigated classes of pseudocapacitive materials are the
transition metal oxides (notably ruthenium oxide), and the family of conducting
polymers, such as polyaniline (PANI), polypyrrole (PPy), or derivatives of polythio-
phene (PTh) [95–98]. The fact that charge storage is based on a redox process means
that this type of supercapacitor is somewhat battery-like (faradic) in its behavior.
Porous carbons that possess a significant proportion of heteroatoms (typically
oxygen or nitrogen) and/or surface functionalities can also contain a pseudocapac-
itive component in their overall capacitance. That is, the double-layer capacitance
derived from the extended carbon surface is supplemented by the pseudocapacitive
contributions arising from the redox active functionalities, thereby substantially
increasing the total capacitance of the material. Further details on the composition
and performance of pseudocapacitive carbons are given in Chapter 6.
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2.3.2.1 Electronically Conducting Polymers
Conductive polymers are defined as organic polymers that conduct electricity. In
traditional polymers such as polyethylenes, the valence electrons are bound in
sp3 hybridized covalent bonds (σ bonding) that have low mobility. Conducting
polymers have a conjugated π-system of alternating single and double bonds that
is formed by the overlap of carbon pz orbitals (leading to a contiguous backbone of
sp2-hybridized carbon centers). An unpaired valence electron on each sp2 center
resides in a pz orbital, which is orthogonal to the other three σ bonds, and forms
a bonding π band and corresponding antibonding π* band. In the presence of a
suitable oxidant, an electron can be removed from this band to form a positive
‘‘hole’’ (electron deficiency), and the remaining electrons within this partially
emptied band become more mobile, and hence conductive. In order to maintain
electroneutrality, the polymer electrode must also take up ions in a process referred
to as polymer doping (p-doping), which is an ion insertion process that raises the
redox state and electronic conductivity of the polymer [99]. In principle, these same
conjugated polymers can also be reduced, which adds an electron to an otherwise
unfilled band (n-doping). In practice, most conductive polymers can be doped
oxidatively to give p-type materials but the formation of n-doped polymers is less
common [99, 100].

Electronically conducting polymers (ECPs) have been extensively studied as
electrode materials for ECs and several reviews are available [101–106]. ECPs
are attractive owing to their ability to store a significant amount of energy,
low cost, ease of preparation, lightweight, and their flexible nature that allows
considerable design flexibility. While double-layer capacitors store energy on the
surface of the material, ECPs store charge throughout the entire (accessible)
volume, via a fast doping/dedoping exchange of ions, and hence the amount of
energy that can be stored with ECPs is generally higher than with EDLC-type
materials. As ECP-based materials store charge by doping/dedoping (faradic),
rather than adsorption/desorption (non-faradic), they are also prone to lower rates
of self-discharge.

ECPs can be p-doped with anions when oxidized and n-doped with cations
when reduced (Figure 2.6). Capacitors made solely from conducting polymers
can be categorized into four types [106]: Type I (symmetric) uses the same
p-dopable polymer for both electrodes; Type II (asymmetric) uses different
p-dopable polymers on each electrode; Type III (symmetric) uses the same polymer
as the p-doping (positive electrode) and n-doping (negative electrode) electrodes,
and Type IV (asymmetric) uses different polymers as p-doping and n-doping elec-
trodes. Therefore, Type I and III devices do not have any inherent polarity but the
other two types are polar devices (fixed positive and negative electrodes) and will
need to be connected appropriately.

When charging Type I devices, the positive electrode is fully oxidized and the
negative electrode remains neutral, giving a potential difference (the cell voltage)
of around 0.5–0.75 V [106]. When fully discharged, both electrodes are in the half-
oxidized state and hence only 50% of the total polymer’s p-doping capacity can be
utilized. In Type II devices, the polymer with the more positive oxidation potential
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P P+A–P–X+

Oxidation
p-doping

Reduction
n-doping

De-doping

De-doping

(P, polymer; A–, anion; X+, cation)

Figure 2.6 Doping and dedoping of counterions in ECPs.

is used as the positive electrode and the one with the less positive oxidation potential
is used as the negative electrode. In the charged state, the positive electrode is fully
oxidized, the negative electrode is completely neutral, and the cell voltage is typically
higher – around 1.0–1.25 V. When fully discharged, the positive electrode is less
than 50% oxidized and the negative electrode is more than 50% oxidized. Thus,
approximately 75% of the polymer’s p-doping capacity can be utilized (depending
on the polymer combination employed). Owing to their relatively low voltages,
Type I and II devices generally utilize aqueous-based electrolytes.

When Type III and IV ECP devices are fully charged, the positive electrode is
fully oxidized (p-doped) and the negative electrode is fully reduced (n-doped) and
the cell voltage is in the range of 1.3–3.5 V [106]. In the discharged state, both
electrodes become neutral and this means that 100% of the polymer’s p-doping
and n-doping capacity can be utilized. Therefore, the amount of energy that can be
stored in these types of devices generally follows the order: Type I < Type II < Type
III ≤ Type IV. Note that the term fully oxidized, or doped, refers to the maximum
achievable doping level of the polymer; which is an inherent characteristic of the
polymer.

A brief literature summary of ECPs that have been evaluated as active electrode
materials in ECs is presented in Table 2.4. The major classes of conducting
polymers evaluated are PANI, PPy, PTh, and derivatives of PTh. Of these, only
PTh-based materials were tested in Type III and IV devices mainly because of their
ability to be n-doped. As the reduction (n-doping) potentials of PANI and PPy are
more negative than the decomposition potential of the common organic solvents,
such as ACN and PC, these polymers have been tested only as Type I and II devices.
The main attributes and performance of selected ECPs are discussed subsequently.

Polyaniline (PANI) PANI is one of the more extensively studied ECPs for Type
I devices owing to its ease of preparation (by both chemical and electrochemical
methods) from aqueous electrolytes, high doping level (∼0.5), good electrical
conductivity (0.1–5 S cm−1), high specific capacitance, and good environmental
stability [99, 101]. PANI prepared by electrochemical methods usually displays
higher specific capacitance values (as high as 1500 F g−1) than materials prepared
by chemical methods (typically around 200 F g−1). This variation in capacitance is
related to the polymer morphology, thickness of the electrode, and the presence (if
any) of binder. PANI shows higher capacitance in aqueous acidic electrolytes as
it requires protons to be charged (doped/exchange) and discharged; therefore, it
shows improved electroactivity in protic solvents or protic ILs [165]. PANI prepared
by electrochemical methods shows good cycle life in protic electrolytes, however,
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limited data is available for PANI-based devices that have been cycled for more
than 10 000 cycles. The repeated volume changes of the polymer electrode that
accompanies the doping and dedoping of counterions during the charge/discharge
process is reported to cause mechanical failure of the polymer during extended
cycling. Another issue with PANI is that it is susceptible to oxidative degradation,
even after slight overcharging, leading to poor performance. PANI can be modified
to be more stable toward overoxidation by forming poly(N-methyl aniline) [166],
where one proton in the NH2 group is substituted by a methyl group. This stabilizes
the positive charge created on the nitrogen during oxidation and improves the
stability of polymer against electrochemical degradation.

Polypyrrole (PPy) PPy is considered to be one of the most promising electrode
materials for both Type I and Type II (where it is used as cathode) devices.
Unlike PANI, it shows good electroactivity in aprotic, aqueous, and nonaqueous
electrolytes; however, its specific capacitance is generally lower than PANI (in the
range of 100–500 F g−1; see Table 2.4). The reduced capacity of PPy is mainly at-
tributed to the more dense morphology of the PPy, which leads to limited electrolyte
access to the interior of the polymer, especially for thicker electrode coatings [167].
The best performing PPy electrodes are generally prepared as thin-film electrodes
as increasing the material thickness (loading/density) leads to performance dete-
rioration. Table 2.4 also indicates that PPy displays a higher specific capacitance
in aqueous electrolytes than in nonaqueous electrolytes attributable to the higher
ionic conductivity of the aqueous electrolytes. A PPy electrode material, prepared by
galvanostatic pulse deposition, has been reported to produce an open morphology
polymer, which displayed a specific capacitance of 400 F g−1 [129]. Subsequent gal-
vanostatic cycling of the polymer (as a Type I device), however, displayed poor cycle
life performance with 40% loss of capacitance after 4000 cycles. When PPy is used
as a negative electrode in Type II devices, along with PANI as a positive electrode, a
specific capacitance in the range of 14–25 F g−1 and the energy and power densities
of around 4 Wh kg−1 and 150–1200 W kg−1, respectively, are achieved [120, 127].
However, its cycle life is still limited.

Polythiophene (PTh) and Derivatives Unlike PANI and PPy, PTh is both p- and
n-dopable (Type III). However, the n-doping process in PTh occurs at very
negative potentials, close to the solvent decomposition potentials of common
electrolytes. The polymer also exhibits poor conductivity and lower specific ca-
pacitance in the n-doped form, relative to its p-doped form [103, 145]. As a
consequence, it has a high self-discharge rate and exhibits poor cycle life in de-
vices. In order to overcome these limitations, several derivatives of PTh, with
lower band gaps (i.e., n-doping occurs at less negative potentials), have been
prepared [160, 168]. By substitution at the 3-position on the thiophene ring,
with phenyl, ethyl, alkoxy, or other electron withdrawing groups, the stability
of the PTh derivative is markedly improved [169]. Notable PTh derivatives in-
clude poly(3-methylthiophene) (PMT), poly(4-fluorophenyl-3-thiophene) (PFPT),
and poly(3,4-ethylenedioxythiophene) (PEDOT), (Table 2.4).
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A popular PTh derivative is PEDOT as the polymer has high conductivity in
the p-doped state (∼300–500 S cm−1), a wide potential window (1.2–1.5 V), high
capacitance, good charge mobility (fast electrochemical kinetics), and good thermal
and chemical stability (good cycle life) [160]. A device assembled with PEDOT
as the positive electrode and poly(3,4-propylenedioxy thiophene) as the negative
electrode (Type I), using an IL electrolyte, is reported to show good cyclability with
2% capacitance loss after 50 000 cycles [159]. However, owing to the high molecular
weight of the monomer, and a low doping level of ∼0.33, PEDOT has a relatively
modest specific capacitance of around 100 F g−1 [157].

ECP Composites In order to improve the performance of ECP-based electrodes in
ECs, ECPs are often prepared as composites with carbons [107–110], CNTs [103,
170], or even metal oxides [171–173]. Composites with carbons are particularly ef-
fective in improving the specific capacitance and power capability of the electrode.
The presence of carbon in the composite makes the electrode more electrically con-
ducting, particularly while the polymer is in its less conductive neutral (undoped)
state. In the case of ECP/CNT composite electrodes, there are reports that a charge-
transfer complex between the ECP and CNT exists owing to the electron donating
and accepting nature of ECP and CNT. The presence of CNT in the composite has
been demonstrated to improve the cycle life of ECPs in supercapacitor devices [170].
The use of CNTs or other conductive carbonaceous additives with ECPs greatly
improves the performance of ECPs by increased electrode conductivity, improved
electrolyte percolation into the bulk active material, increased utilization of the
ECP, and greater mechanical strength; and the carbon itself may also contribute
additional double layer capacitance [174]. A detailed review on ECP/CNT composite
electrodes for electrochemical applications is available [103].

ECP electrodes may also be prepared as composites with appropriate metal oxide
materials. Combining PPy with iron oxide (Fe2O3) achieved a specific capacitance
of around 400 F g−1 [171]. A PANI/Nafion composite has been used as a matrix for
electrochemically depositing hydrous RuO2 and the resultant composite electrode
showed a specific capacitance of 325 F g−1 with 80% of this capacitance retained
after 10 000 cycles at a scan rate of 500 mV s−1, between −0.2 and 0.6 V [172].
From a systematic study, Sivakkumar et al. [173] have shown that the best way
to improve the utilization of MnO2 for capacitor applications is by preparing a
ternary composite of CNT/polypyrrole/MnO2. The MnO2 in this ternary composite
has been shown to have improved dispersion and enhanced electrochemical
utilization when compared with binary composites such as CNT/MnO2 and
polypyrrole/MnO2. The ternary composite electrode delivered a specific capacitance
of 281 F g−1 and retained 88% of the initial capacitance after 10 000 cycles.

ECP-Based Asymmetric Electrochemical Capacitors An ECP asymmetric EC is a
device that utilizes a p-doping ECP positive electrode paired with an AC nega-
tive electrode. This configuration eliminates the difficulty in identifying a stable
n-doping ECP electrode material as is the case with Type III supercapacitors.
Several ECPs including PMT [97, 145–149], PFPT [163], PEDOT [160], PANI [128],
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have been successfully evaluated as ECP–AC asymmetric hybrid devices that can
operate at 3 V in nonaqueous electrolytes. Balancing the ratio of negative and posi-
tive electrode material (by capacity rather than weight) is an important parameter
for optimal performance of asymmetric devices as the specific capacitance and the
potential ‘‘swing’’ range of each electrode differs significantly. When the capacity
of the AC electrode is limiting, the asymmetric device will show a close-to-linear
charge/discharge curve, similar to that of a typical EDLC as most of the voltage
swing will occur across the AC electrode. Conversely, when the capacity of the
AC electrode is greater, a more battery-like charge/discharge curve is observed
indicative of the redox behavior of the ECP.

Mastragostino et al. [97] have reported that a PMT/AC asymmetric device can
deliver comparable performance to commercially available EDLCs, in terms of
specific energy and power, although information on its cycle life is limited.
Impedance analysis of their device also indicated that the PMT electrode exhibits
lower ESR (2 � cm−2) compared with the AC electrode (12 � cm−2). Laforgue and
coworkers [163] constructed PFPT/AC asymmetric laboratory test cells (4 cm2 plate
area) and galvanostatically cycled them between 1.2 and 3 V. The individual PFPT
and AC electrodes exhibited specific capacitances of 245 and 130 F g−1, respectively
and, in combination, the cell delivered a maximum energy of 48 Wh kg−1 and
power of 9 kW kg−1 (active material basis). Larger packaged prototypes in a
PFPT/AC configuration were galvanostatically cycled at a current rate of 5 A
between 1 and 3 V over 8000 cycles. These packaged prototypes achieved an initial
maximum capacitance in the range of 2000–2600 F, which decreased by 50% after
the initial 100 cycles and thereafter stabilized over the next 8000 cycles. PMT/AC
asymmetric devices utilizing room-temperature IL electrolytes have also been
evaluated [148–150]. A cell voltage of 3.65 V is achievable with these electrolytes
and specific energy and power densities of up to 31 and 14 kW kg−1 (active material
basis) have been reported [148, 149]. A 49% loss of initial capacitance, after 16 000
cycles was also observed.

While the specific capacitance of many p-doping ECPs is much higher than
carbon-based EDLCs, their cycle life is currently limited (although still better than
most reversible batteries). This is largely attributed to the mechanical failure of
the polymer electrode, caused by the repetitive shrinkage/swelling, occurring as a
result of the doping/de-doping of counter ions during charging and discharging.
However, composite ECP materials and asymmetric devices that utilize p-dopable
ECPs as the positive electrode and AC as the negative electrode show some promise.
The cycle life of the asymmetric devices can also be improved when the positive ECP
electrode voltage is controlled and operates in narrow potential window, during
charge/discharge, by means of adjusting the electrode capacity ratios appropriately.

Further improvements to the intrinsic cycle life performance of the ECP are likely
to be centered on improved composites with carbonaceous materials, especially
with CNTs, the preparation of copolymers with facile open morphology and the
use of IL electrolytes, both for the synthesis of ECPs and as electrolytes in the
ECP-based devices. Despite opportunities for ongoing work, research interest in
ECs based on conducting polymers is generally decreasing.
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2.3.2.2 Transition Metal Oxides
Some metal oxides, notably RuO2, MnO2, PbO2, NiOx, and Fe3O4, undergo fast
reversible redox reactions at their surface, displaying strong pseudocapacitive
behavior. These oxides have been extensively studied as their capacitance usually
greatly exceeds the double layer capacitance achievable with carbon materials. The
development of pseudocapacitors has been driven by the desire to increase the
specific energy of conventional EDLCs while retaining comparable the high power
and long-term cyclability of EDLCs. However, as their charge storage mechanism
is based on redox processes, similar to batteries, these materials can also suffer
from poor long-term stability and cycle life. A significant amount of research on
metal-oxide-based EC targets strategies to improve the long-term cyclability of these
devices, which is often achieved through the formation of metal oxide composite
materials or by utilizing asymmetric cell designs [175]. Composites of carbon
with redox active materials, prepared by the insertion of electroactive particles
of transition metal oxides into the carbon material [62], have been evaluated
as electrode materials for ECs and show improved performance. Similarly, the
construction of ‘‘asymmetric’’ devices whereby a faradic metal oxide electrode is
matched to a non-faradic carbon electrode has been shown to be very promising
[176]. Both these approaches can produce very high capacitance devices, as both
double-layer and pseudocapacitance contributions are utilized, and the cyclability
of the redox electrode can be improved by restricting its operating state of charge
and voltage ranges.

An asymmetric EC contains two dissimilar electrodes and is a class of hybrid
supercapacitor. The most common design typically consists of a ‘‘battery-type’’
electrode (e.g., a faradic or intercalating metal oxide) and an EDLC-type electrode
(high surface area carbon) as shown schematically in Figure 2.7. The selection of
the battery electrode is determined by the proximity of its potential to either the
low or high limit of electrochemical window, as this can maximize the operational
voltage and the energy density of the cell. As the voltage swing of the cell during
charge/discharge occurs mainly across the carbon, the battery electrode experiences
a relatively low depth of discharge and provides the conditions required for a high
cycle life. The charge storage mechanisms in such devices is a combination of
purely electrostatic adsorption–desorption at the non faradic (carbon) electrode
and fast, reversible faradic (pseudocapacitive) reactions at the surface (and near
surface) of the redox active electrode.

As with conventional capacitors, the capacitance of an asymmetric cell is also
determined according to Eq. (2.6). In a symmetric device, the specific capacitance
of the positive electrode is close to that of the negative electrode (i.e., C+ ≈ C− ≈ Ce)
so that the capacitance of the complete cell becomes half the capacitance of each
individual electrode; that is, Ccell = Ce/2. However, in an asymmetric device, the
specific capacitance exhibited by the nonpolarizable faradic electrode (C+) is usually
much higher than the capacitance of the polarizable non-faradic (carbon) electrode
(C−), so the total capacitance of the asymmetric device becomes Ccell ≈ C− (since
C+� C−). Thus, the total capacitance of the asymmetric device is almost doubled
that exhibited by a symmetric EDLC with similar-sized carbon electrodes, thereby
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Figure 2.7 Schematic of a charged asymmetric electrochemical capacitor (e.g., PbO2 –AC).

also increasing the specific energy density of the device. Pell and Conway [175]
have summarized, in some detail, the key parameters required in the design and
optimization of asymmetric EC. Some of the main requirements to be considered
are as follows:

1) The faradic and non-faradic electrodes should be selected with a high
charge/discharge rate capability.

2) The faradic and non-faradic electrodes should be selected such that their
potentials are close to either the low or high end of the operating potential
window, which will maximize the operational voltage and energy density of the
asymmetric cell.

3) As the faradic electrodes exhibit much higher specific capacitance than the
non-faradic electrode, this mismatch can be compensated for gravimetrically
by balancing the active masses of the two electrodes, usually by using a
thicker/dense non-faradic electrode.

4) The non-faradic electrode should have highest possible electronic conductivity,
surface area, and porosity.

Various redox-active systems such as transition metal oxides, metal hydroxides,
nitrides, and mixtures thereof, have been researched as potential electrode mate-
rials for asymmetric capacitors and/or pseudocapacitors. Selected materials and
configurations are briefly discussed here.

Ruthenium Oxide (RuO2) Ruthenium oxide has been extensively studied as an
electrode material for ECs owing to its ideal capacitive behavior [95, 177–183] in
terms of
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• high theoretical pseudocapacitance (>1300 F g−1)
• high electrochemical reversibility
• long-term cyclability

The charge storage mechanism of RuO2 in an aqueous electrolyte occurs via
electrochemical protonation shown in the reaction:

RuO2 + δH+ + δe− ↔ RuO2−δ(OH)δ where 0 ≤ δ ≤ 1

over a voltage window of ∼1.2 V [3, 184, 185].
Hydrous forms of RuO2 (RuO2·xH2O) have been reported to exhibit higher

specific capacitance (∼720 F g−1) than the capacitance obtained for its crystalline
counterpart (∼350 F g−1) in an acidic electrolyte [177]. McKeown et al. [185] proposed
that the high capacitance values of RuO2·xH2O can be ascribed to its high protonic
and electronic conductivity, which facilitates the electrochemical redox reactions
in RuO2. A symmetric pseudocapacitor constructed from hydrous RuO2 using
1 M H2SO4 aqueous electrolyte exhibited a maximum specific capacitance of
734 F g−1 and delivered specific energies of 25 Wh kg−1 at a specific power of
92 W kg−1 and 12 Wh kg−1 at 21 kW kg−1 [183].

The high cost of ruthenium has limited the utilization of RuO2 in commercial
devices and several strategies have been pursued to reduce costs through the
formation of mixed metal oxides of RuO2 (Ru1-xMxO2), or composites of RuO2

with conducting polymers, carbon nanotubes, or high surface area carbon [179,
180, 186–194]. The formation of RuO2 composites has been shown to enhance
the electronic conductivity of the material and improves the utilization of RuO2

[191–194]. A symmetric pseudocapacitor prepared from RuO2 deposited onto
PEDOT in an acidic electrolyte delivered a specific capacitance of 420 F g−1 (based
on RuO2/PEDOT composite mass) and about 930 F g−1 (based on the active mass
of RuO2 only), which corresponds to an energy density of 27.5 Wh kg−1 over the
potential range of 0–1.0 V [190]. Wang and coworkers [195] also constructed an
asymmetric capacitor comprising a composite of RuO2 with TiO2 nanotubes as the
positive electrode and AC as the negative electrode in an alkaline KOH electrolyte.
This asymmetric device achieved an energy density of 12.5 Wh kg−1 (unpackaged)
and power density of 150 W kg−1 over the potential range of 0–1.4 V. By depositing
ruthenium oxide particles on amorphous carbon nanofibers, Barranco et al. [196]
have prepared composite materials with exceptionally high capacitance values of
1000 F g−1.

Lead Dioxide (PbO2) The well-known lead dioxide (PbO2)-based redox system
used in lead-acid battery technology has also been investigated as a promising
electrode material for pseudocapacitors or asymmetric ECs owing to its relatively
low cost and high energy-storing capability [197, 198]. Kazaryan et al. [199] have
undertaken mathematical modeling of the asymmetric PbO2/AC system and
predict a maximum specific energy density of 24 Wh kg−1.

The Russian firms, Eskin and ESMA, were one of the earliest groups to present an
asymmetric capacitor technology consisting of a nonpolarizable positive electrode,
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made of PbO2 and lead sulfate (PbSO4), and a polarizable AC as the negative
electrode in aqueous H2SO4 electrolyte [200, 201]. During charge and discharge,
the positive electrode undergoes the same common half reaction based on the
double sulfate theory for lead-acid batteries – that is, lead dioxide reacts with acid
and sulfate ions to form lead sulfate and water:

Positive electrode : PbO2 + 4H+ + SO4
2− + 2e− � PbSO4 + 2H2O

However, instead of having a lead counter electrode that reacts with sulfate to form
lead sulfate, a high-surface-area AC electrode, which acts to adsorb and desorb
protons (H+ ions) in solution, is utilized:

Negative electrode nC6
x−(

H+)
x � nC6

(x−2)−.
(
H+)

x−2 + 2H+

+ 2e− (
discharged

)

The resulting device offers an energy density approaching lead-acid batteries,
coupled with far longer cycle life and higher power.

Burke have also undertaken significant research on asymmetric PbO2/AC de-
vices. Laboratory prototypes developed and tested in their lab exhibited specific
energy and power densities of 13.5 Wh kg−1 and 3.5 kW kg−1, respectively, when
cycled between 1.0 and 2.25 V [197]. These asymmetric prototypes showed an ESR
as low as 0.12 � cm2 and an RC time constant of 0.36 s, which is comparable to
that obtained for a symmetric carbon supercapacitor. Recently, Gao and coworkers
[202] also fabricated a PbO2/AC asymmetric capacitor in which electrodeposited
thin films of PbO2 on Ti/SnO2 substrates were used as the positive electrode
and high-surface-area AC as the negative electrode in H2SO4. The asymmetric
device, when galvanostatically cycled between 0.8 and 1.8 V, showed specific ca-
pacitances of 79.9 and 74.1 F g−1 at current densities of 0.75 mA cm−2 (1.2 C-rate)
and 10 mA cm−2 (16 C-rate), respectively; which correspond to specific energies
of 26.5 and 17.8 Wh kg−1 (active material basis), respectively. This asymmetric
PbO2/AC device retained 83% of its initial capacitance after 3000 charge/discharge
cycles (at 4 C-rate).

Axion Power International manufactures a PbC Ultracapacitor, which is described
as a multicelled asymmetrically supercapacitive lead-acid-carbon hybrid battery [203].
These devices deliver 20.5 Wh kg−1 and can withstand more than 1600 deep
discharge cycles (charge–discharge every 7 h to a 90% depth of discharge). In
comparison, most lead-acid batteries designed for deep discharge applications
can only survive 300–500 cycles under these operating conditions. Recently, Lam
and coworkers have also developed a hybrid lead acid battery that combines an
asymmetric supercapacitor (an ‘‘enhanced-power negative electrode’’) and a lead-
acid battery in a single unit [204]. The device, referred to as an UltraBattery, utilizes
a conventional PbO2 positive electrode with a negative lead electrode that also
incorporates a significant amount of AC. The incorporation of the carbon improves
the stability of the negative electrode and the overall performance of the device. The
charge and discharge power of the UltraBattery is reported to be 50% higher and
its cycle life at least three times longer than that of a conventional valve-regulated
lead-acid battery [204].
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Nickel Oxide (NiO) and Nickel Hydroxide (Ni(OH)2) Among the reported transition
metal oxides, porous nickel oxide has shown good electrochemical performance as
an electrode material for pseudocapacitors [205–209]. In addition to some double-
layer capacitance, additional pseudocapacitance of NiO arises from the surface
faradic redox reaction between Ni2+ and Ni3+ given by

NiO + zOH ↔ zNiOOH + (1 − z) NiO + ze−

where z is the fraction of active Ni sites involved in the faradic redox reaction. Kim
and coworkers claimed that NiO prepared by electrodeposition of Ni(OH)2 films
followed by heat treatment up to 300 ◦C exhibited higher specific capacitance, in
the range of 200–278 F g−1, than any other synthesis method [210, 211].

One of the earliest asymmetric ECs based on Ni(OH)2 was reported by ESMA
wherein a sintered Ni(OH)2 was used as the positive and woven AC fibers, or
powder, as the negative electrodes in an alkaline KOH electrolyte [212]. The
reaction at the positive electrode is the well known Ni(OH)2/NiOOH couple that
also takes place in NiCd and NiMH batteries:

Positive electrode :
(
Ni(OH)2 + OH− ↔ NiOOH + H2O + e−)

The Ni(OH)2/NiOOH charge–discharge process is a solid-state, proton intercala-
tion/deintercalation reaction, whereby both electrons and protons are exchanged
and the processes are considered to be controlled by the bulk solid diffusion of
protons [213–215].

Ganesh et al. [216] constructed a similar Ni/AC asymmetric supercapacitor, using
6 M KOH electrolyte, that delivered a specific energy of 35 Wh g−1 at a power of
330 W kg−1 between 0 and 1 V and an ESR in the range of 1–3 �. Recently, Liu
and coworkers [208] reported a 3 V asymmetric capacitor comprising nickel-based
mixed rare-earth metal oxide (NMRO; an alloy of Ni, La, Ce, Pr, and Nd) as the
positive electrode and AC as the negative electrode in a room temperature IL
electrolyte. The NMRO/AC asymmetric device achieved a high energy density of
50 Wh kg−1 and with a power density of 458 W kg−1 over 500 cycles. The enhanced
energy density can be attributed to the wide electrochemical window (>3 V) of the
1-Butyl-3-methylimidazolium hexafluorophosphate (BMIM-PF6) electrolyte.

Manganese Dioxide (MnO2) Similar to PbO2 and NiO, MnO2 has been reported as
an attractive, potential replacement for hydrous ruthenium oxide in electrochem-
ical pseudocapacitors owing to its low cost and environmentally benign nature
[217–224]. The pseudocapacitive charge storage mechanism in MnO2 mainly
occurs via the insertion and deinsertion of protons:

MnO2 + H+ + e− ↔ MnOOH

Many researchers [218, 223, 225] have proposed that MnO2 also exhibits pseudoca-
pacitance via surface adsorption of electrolyte cations (such as Li+, Na+ , K+, etc.),
depending on the electrolyte used, according to

MnO2 + X+ + e− ↔ MnOOX
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Toupin and coworkers [223], have also postulated that the pseudocapacitive charge
storage mechanism of MnO2 is surface layer limited, possibly due to the difficulty
of protonic or cationic diffusion in the bulk of the MnO2, resulting in only partial
utilization of the active material. In order to maximize the specific capacitance of
MnO2 several treatments have been evaluated including the surface modification
of MnO2, the preparation of binary oxides of manganese, and the preparation of
hybrid nanoarchitectured MnO2 [223, 226–228]. While considerable performance
variations exist, in neutral aqueous electrolytes coarse powdered MnO2 generally
shows a specific capacitance of around 150 F g−1 within an operating voltage
window of ∼1 V.

Hong and coworkers [229] have constructed an asymmetric capacitor with
α-MnO2·nH2O as the positive electrode paired with an AC negative electrode
in a neutral aqueous KCl electrolyte. The device delivered an energy density of
28.8 Wh kg−1, a power density of 0.5 kW kg−1, and a 7% capacitance loss over 100
charge/discharge cycles. In an asymmetric configuration, MnO2-based devices
can operate over a larger potential window of around 1.8–2.0 V in aqueous media
(such as KCl and K2SO4) and therefore can achieve a higher energy density.
Asymmetric supercapacitors, utilizing MnO2 as the positive electrode and a
conducting polymer, such as PEDOT, as the negative electrode, have also shown
good performance with a specific energy of 13.5 Wh kg−1 and good power density
[230]. The reported energy and power density for asymmetric MnO2/AC devices
are 10 Wh kg−1 and 3.6 kW kg−1, respectively [231].

Both symmetric and asymmetric MnO2-based supercapacitors have shown a grad-
ual capacity fade over the first 5000 cycles; possibly due to dissolution of the MnO2

electrode material [232]. Yuan and coworkers [233] evaluated the electrochemical
performance of a hybrid nanostructured manganese dioxide/AC supercapacitor
in 1 M LiOH and 1 M KOH electrolytes. MnO2/AC hybrid cells with 1 M LiOH
electrolyte have shown a superior electrochemical performance compared to that
obtained with 1 M KOH electrolyte, when charged/discharged over a voltage range
of 0.5–1.5 V, presumably due to the co-intercalation of Li. The poor cycling per-
formance of hybrid MnO2/AC cell with 1 M KOH electrolyte was linked to the
formation of inactive Mn3O4 during the discharge process.

2.3.2.3 Lithium-Ion Capacitors

Lithium Titanate (LTO) The use of lithium titanate, Li4Ti5O12 (LTO) as an
electrode material for asymmetric capacitors has been well demonstrated by
Amatucci et al. [176]. LTO was first recognized by Ohzuku [234] as an excel-
lent Li intercalating spinel anode material for Li-ion battery application owing
to its zero-strain properties (i.e., negligible volume change on lithium intercala-
tion/deintercalation). Nanostructured LTO has been reported to exhibit a specific
capacity of >150 mAh g−1 with high rate capability and improved cyclability com-
pared to coarse LTO. The asymmetric LTO/AC capacitor, created by Amatucci’s
team, is a nonaqueous device based on high-surface-area AC at the positive electrode
and LTO as the negative electrode in 1 M LiPF6 in EC:DMC (2 : 1 V/v) electrolyte
solution. The device exhibits an unpackaged energy density of 25 Wh kg−1 and
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packaged energy density of 10.4 Wh kg−1 and can maintain 90% of its initial ca-
pacity over 5000 cycles [235]. The electrochemical performance of larger LTO/AC
prototypes were also evaluated using impedance spectroscopy (at 1000 and 0.1
Hz) at various operating voltages. The energy and power density values remained
fairly stable up to 2.8 V, but were accompanied by a gradual decrease at 2.9 and
3.0 V. Unpackaged energy density values of 17 Wh kg−1 (constant current) and
11.8 Wh kg−1 (constant power) were also reported. A 500 F LTO/AC asymmetric
device has also shown good performance over 10 000 cycles.

Lithium Manganese Oxide Spinel lithium manganese oxide (LiMn2O4) has been
reported as a possible Li intercalating cathode material for Li-ion batteries [236].
Recently, Wang and coworkers [237] constructed an asymmetric capacitor compris-
ing LiMn2O4 as the positive and AC as negative electrode in a 1 M Li2SO4 aqueous
electrolyte. The charge storage mechanism of this asymmetric capacitor takes place
through the faradic and nonfaradic reactions associated with the transfer of Li-ions
between the two electrodes. The LiMn2O4/AC asymmetric cell delivered a specific
energy of 35 Wh kg−1 with a power density of 100 W kg−1, losing only 5% of the
initial capacity over 20 000 cycles [237, 238]. The self discharge of the AC/ LiMn2O4

device, however, was found to be high, especially at elevated temperatures where
the AC electrode was observed to be a major contributor to the self-discharge. The
rate of self-discharge was lower in polymer gel electrolytes than that observed in 1
M Li2SO4 solution because of the high viscosity of the polymer, which hinders the
ion transport through gel electrolyte.

Li et al. [239] demonstrated a 5 V nonaqueous asymmetric EC with nickel-doped
LiMn2O4 (LiNixMn2−xO4) as the positive electrode coupled with AC as the negative
electrode in 1 M LiPF6 in an EC:DMC (1 : 2 V/v) electrolyte. Cycle life testing
of the AC/LiNixMn2−xO4 cell indicated about 20% capacity loss after 1000 cy-
cles when charged/discharged at 10 C-rate over a potential range between 0 and
2.8 V. The cell achieved a specific energy density of 55 Wh kg−1 (active material
basis). Sun and coworkers [240] also fabricated an asymmetric capacitor wherein
layered Li[Ni1/3Co1/3Mn1/3]O2 was employed as the positive electrode and AC as
the negative electrode with 1 M LiBF4 in PC electrolyte. Asymmetric cells of
Li[Ni1/3Co1/3Mn1/3]O2/AC cycled between 0.2 and 2.2 V at 15 C-rate (1.6 A g−1) ex-
hibited relatively high initial capacitances of 50–60 F g−1; however, these asymmet-
ric cells only retained 80% of their initial capacity after 500 charge/discharge cycles.

Dual Carbon Lithium-Ion Capacitors (LICs) The so-called dual carbon type of
lithium-ion capacitors (LICs) utilize a high-surface-area AC material as the positive
electrode and a lithium-ion intercalating carbon material (such as graphite or
coke) as the negative electrode. They are capable of storing about five times
more energy than conventional EDLCs while maintaining good power and long
cycle life characteristics [176, 241–250]. During charge/discharge, lithium-ion
intercalation/deintercalation occurs within the bulk of the negative electrode,
whereas anion adsorption/desorption occurs on the surface of the AC positive
electrode. As the latter process on the positive AC electrode is non-faradic, and
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relatively fast in comparison with the lithium-ion exchange process at the negative
electrode, the power capability of the LIC will generally be determined, or limited,
by the rate capability of the negative electrode.

Yoshino et al. [243] utilized a composite electrode, prepared by heat treatment
of an AC with pitch, as the negative electrode in their device. The lithium-ion
intercalation/deintercalation of the negative electrode was shown to occur in a
potential range similar to that of graphite but with improved kinetics. This cell
operated in the potential window of 2.0–4.0 V and its power (2.2 kW l−1) and energy
density (20 Wh l−1) has been claimed to be two to three times higher than EDLCs.
This device also displayed an impressive cycle life maintaining the same discharge
capacity for at least 100 000 cycles. Other non-graphitizable carbons [244], template-
synthesized mesoporous carbons [245], and disordered carbons [246] have also been
shown to perform well as a negative electrode in LICs. A disadvantage of semi-
crystalline forms of graphite is that the lithium-ion intercalation/deintercalation
process occurs over a wide voltage range (somewhat similar to the voltage changes
associated with the charge/discharge of EDLC electrodes), which leads to a steep
decrease in cell voltage (during discharge) and a corresponding decrease in energy
density. In contrast, crystalline graphite has a rather flat lithium-ion exchange
potential (∼0.1 V vs Li) and a high theoretical capacity (372 mAh g−1 for LiC6

stoichiometry). While graphite is relatively abundant and low cost, it does suffer
from slow intercalation kinetics and its usage in LIC may limit the charge/discharge
rates of the device [247, 251].

Several device configurations that utilize graphite as the positive electrode
(involving anion intercalation/deintercalation) and AC as the negative electrode
exist for charge storage applications [252, 253]. Recently, the use of lithium-ion
predoped graphite as the negative electrode in LIC [249, 250] has been reported,
which is achieved by using an additional internal sacrificial lithium metal electrode.
The predoped graphite LIC also operates in the voltage window of 2.0–4.0 V, but
with greater energy and power densities of 10 Wh kg−1 and 10 kW kg−1, respectively,
for the fully packaged device. This device has also been shown to have a stable
discharge capacity over at least 3 × 105 cycles even when operated at relatively high
rates (∼10 C). The LIC using lithium-ion predoped graphite electrode appears to
be promising and its advent into the market may be expected soon.

2.4
Summary

ECs, particularly EDLCs, are being evaluated as potential energy storage devices in
an expanding number of applications. They are ideal for providing quick bursts of
energy and can be configured in a variety of cell shapes/sizes and assembled into
modules to meet the power, energy, and voltage requirements for many specific
applications. Unlike batteries, which store charge chemically, EDLCs store charge
electrostatically, at the electrode–electrolyte interface. This mode of energy storage
is ideal for applications that require rapid charge/discharge capabilities, reliability,
and very long life.
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Considerable research is currently under way to increase the specific energy of
ECs; by increasing their capacitance (C) or operating voltage (V), the stored energy
(E) in a supercapacitor is given by E = 1/2CV2. Carbon, in its various forms, is
currently the most extensively examined and widely utilized electrode material in
EDLCs with a focus on achieving high surface area with low matrix resistivity and
acceptable cost. Accordingly, there is great interest in the development of new
and improved carbon-based materials for EDLCs. While carbon is one of the few
accessible materials that can readily offer extremely high surface areas and good
conductivities, considerable effort is still required to optimize these properties for
use in EDLCs, without adversely affecting the overall performance of the material.
In particular, surface area, pore size/distribution, density, and conductivity need to
be carefully monitored as many of these properties can be mutually exclusive, that
is, one can be improved only to the detriment of another. A suggested alternative
to the use of AC, as the capacitive material in these devices, is carbon nanotubes
with their highly accessible surface area and good specific capacitance, although
the relatively high production costs and low volumetric densities associated with
these materials require further improvement. The electrochemical capacity of
carbon electrodes can also be enhanced by the formation of nanocomposites of
porous carbon and redox-active materials such as electrically conducting polymers
and certain transition metal oxides. These composite materials can combine the
electric double-layer capacitance of carbon and the redox or (pseudo)capacitance of
redox-active materials in a single electrode.

There has been an enormous growth in ECs since the early commercialization
of EDLCs in the late 1970s and 1980s that initially targeted memory backup
applications. Currently, there are literally dozens of companies that are actively
manufacturing and distributing devices worldwide. Although the market is still
currently dominated by EDLC-type devices, which service primarily the consumer
electronic market, there is growing interest in asymmetric capacitors and pseudo-
capacitors that have the potential to effectively bridge the critical performance gap
between conventional EDLC and batteries. The use of innovative materials and
improved designs of asymmetric capacitors has the potential to broaden the appeal
of ECs in both existing and emerging energy storage markets such as electric
vehicles, tramways, and high-drain portable power tools and electronics.

Acknowledgments

This work was funded through the CSIRO Energy Transformed Flagship. The
helpful comments from Dr A.F. Hollenkamp are gratefully acknowledged.

References

1. Dell, R.M. and Rand, D.A.J. (2001) Un-
derstanding Batteries, Chapter 1, Royal
Society of Chemistry, Cambridge.

2. Williams, H.S. (1904) A His-
tory of Science, Vol. II, Part VI,
Harper & Brothers, New York,



102 2 General Properties of Electrochemical Capacitors

http://www.worldwideschool.org/
library/books/sci/history/Ahistoryof
ScienceVolumeII/chap49.html, (accessed,
2011).

3. Conway, B.E. (1999) Electrochemical
Supercapacitors. Scientific Fundamen-
tals and Technological Applications,
Kluwer Academics/Plenum Publishers,
New York.

4. Miller, J. and Burke, A.F. (2008) Elec-
trochem. Soc. Interface, 17 (Spring),
31–32.

5. Sarangapani, S., Tilak, B.V., and Chen,
C.P. (1996) J. Electrochem. Soc., 143,
3791–3799.

6. Burke, A. (2000) J. Power. Sources, 91,
37–50.
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3
Electrochemical Techniques
Pierre-Louis Taberna and Patrice Simon

3.1
Electrochemical Apparatus

Recent electrochemical workstations are composed of three main components: a
signal waveform generator (SWG), a potentiostat/galvanostat (PG), and a computer.
Users define all the setup parameters on the computer, which transfers the different
instructions to the SWG/PG block. The latter applies the required signal to the
electrochemical cell and the measurement is performed (Figure 3.1).

Each electrochemical method is defined by its own waveform. There are transient
techniques (cyclic voltammetry, chronopotentiometry, chronoamperometry, etc.)
and stationary techniques (electrochemical impedance spectroscopy, rotating disk
electrode, etc.)

To characterize an electrochemical cell, both two-electrode and three-electrode
configurations can be performed. Figure 3.2a,b gives a schematic view of a cell con-
nected to an electrochemical workstation. Basically, the current flows through the
counter electrode (CE) and the working electrode (WE), and the voltage is measured
(or controlled) between the reference electrode (RE) and the WE. For a two-electrode
cell (Figure 3.2a), the voltage measured (or controlled) is the cell voltage since the
CE and the RE are shorted; for a three-electrode cell (Figure 3.2b), a third electrode
is added and it acts as the RE. The RE used for this purpose should exhibit an ideal
nonpolarizable behavior, meaning that its voltage is constant over a large range of
current densities. In this way, the WE voltage is accurately measured (or controlled).

Of course, many plugging combinations are possible, and the only limitation is
the imagination of the experimenter. For instance, one can control the cell voltage
while measuring the WE voltage or the opposite.

3.2
Electrochemical Cell

From an electrical point of view, an electrochemical cell can be basically represented
by the following sketch (Figure 3.3):

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Signal waveform
generator

Potentiostat
galvanostat

Electrochemical
cell

Figure 3.1 An electrochemical workstation: computer/signal waveform
generator/potentiostat-galvanostat.

Counter electrode (CE)

Reference electrode (RE)

Working electrode (WE)

Counter electrode (CE)

Reference electrode (RE)

Working electrode (WE)

SWG/PGSWG/PG

CE

WE

Electrochemical cell

Electrolyte

CE

RE

WE

Electrochemical cell

Electrolyte

(a) (b)

Figure 3.2 Electrochemical test configurations: (a) two-electrode cell, the counter and the
reference electrodes are shorted and (b) three-electrode cell, the reference electrode is set
close to the WE.

I ′ I

Z
C

E

Z Ref Z
WE

V
WE

Vi

Figure 3.3 Equivalent electrical circuit of an electrochemical cell; each electrode is repre-
sented by its own impedance.
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ZCE is the counter electrode impedance, ZWE the working electrode impedance,
and ZRef the reference electrode impedance. i and i′ are the current flowing through
each electrical branch. Impedance is a sort of Ohm’s law generalization (Eq. 3.1)):

V (V) = Z (�) I (A) (3.1)

where V is the voltage drop, Z the impedance, and i the current.
When performing an electrochemical experiment, one has to control (or measure)

the WE potential as accurately as possible. To tackle this, the first requirement is
to down i′ to zero. Manufacturers design their PG in this way and of late the input
impedance is as high as 1015 �. A PG behaves like an operational amplifier in a
potential follower configuration (Figure 3.4). The RE is plugged to one input of this
amplifier, which is well known to have high input impedance. We have

VO = G
(
V+ − V−

)
(V) (3.2)

where VO is the output voltage, G the amplifier gain, and V+ and V− the two input
voltages. V i (imposed voltage) = V+.

As for an ideal operational amplifier G → ∞, we obtain:

Vi = ZWEI (V) (3.3)

Such an architecture allows following the voltage of the WE without any ohmic
drop through the RE.

Thanks to this circuiting, the current only passes through the CE and the WE.
Only the impedance of the WE has to be considered, and this is described here
since the voltage is measured (or controlled) between the RE and the WE, as shown
in Figure 3.5.

Vi

V− −

+
V+ VO

OA

ZCE

REF

CE

WE

I
I ′ ≈ 0

Figure 3.4 Schematic view of a PG. A PG can be reduced to an equivalent operational am-
plifier (OA) circuit.

ZWE RS

Cdl

ZF

Figure 3.5 Impedance of the working electrode. RS is the series resistance, ZF the faradic
impedance, and Cdl the double-layer capacitance.
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Figure 3.6 Voltage drop across an electrochemical cell. VWE is the real working electrode
voltage and V i is the imposed (controlled) voltage.

As shown in this figure, the WE impedance is formed by a series resistance RS,
including mainly the bulk electrolyte resistance, Relectrolyte; Cdl and ZF stand for the
double-layer capacitance and the faradic processes, respectively, occurring at the
electrode. The latter are the ones to be studied and Relectrolyte has to be minimized
as low as possible. Actually V i = VWE + Relectrolytei, and Relectrolyte is strongly
dependant on the RE location in the electrochemical cell (Figure 3.6). It is not
possible to eliminate this contribution and it is not required for consideration of
stability, but attention must be paid to the cell design; the RE has to be set as close
as possible to the WE and a Luggin capillary could be used for this purpose.

3.3
Electrochemical Interface: Supercapacitors

Two kinds of supercapacitors exist – the electrical double-layer capacitors and
the pseudocapacitors. The former implies only electrostatic interactions, the latter
surface faradic reactions [1].

The impedance of an electrical double-layer capacitor can be described as in the
case of the equivalent circuit shown in Figure 3.7a. There are no faradic reactions
involved and in a first order such an electrode can be reduced to a simple R–C
series equivalent circuit, where Cdl can be simply written as follows:

Cdl = ε0εr
S

d
(F) (3.4)

with S the electrode surface area, d the charge separation corresponding to the
outer Helmholtz plan [2], and ε0 and εr the vacuum permittivity and the relative
permittivity of the dielectric material, respectively. This equation shows why high-
surface-area-activated carbons are used as electrical double-layer capacitor-active
material.
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RS

Cdl
RS

Cdl

CP

RT

(a) (b)

Figure 3.7 (a) Equivalent electrical circuit of an electrical double-layer capacitor and (b)
equivalent electrical circuit of a pseudocapacitor.

In the pseudocapacitor case, the faradic impedance ZF has to be taken into
account, which can be expressed by a capacitance CP in series with a charge-transfer
resistance RCT [2].

RCT = RT

αnFi0
(�) (3.5)

CP = zF

RT

θ (1 − θ)

gθ (1 − θ) − 1
(F) (3.6)

where θ is the saturation coverage of the electrochemical sites and g is a repulsion
factor that is negative when repulsive forces occur between each site and positive
in the opposite case.

Of course, it is needless to say that for a real electrode, owing to its porous nature,
a diffusion impedance and a geometric distribution have to be considered. This
point is discussed further in this chapter.

3.4
Most Used Electrochemical Techniques

Two kinds of techniques are commonly used for characterizing either a superca-
pacitor electrode (three-electrode cells) or a supercapacitor device (two-electrode
cells). There are transient techniques and stationary techniques.

3.4.1
Transient Techniques

Cyclic voltammetry and galvanostatic cycling are often used, and these techniques
allow following the current variation or the voltage variation.

3.4.1.1 Cyclic Voltammetry
This is a widely used technique by electrochemists because of its versatility, but
most of the time this technique is devoted to laboratory cells. Actually, large devices
lead to very large volumes of current from several hundreds to thousands of amps;
which could be technically difficult to handle. At the laboratory or material scale it
is an accurate technique that enables:

• qualitative and pseudo-quantitative studies
• kinetic analysis by scanning a huge range of scan rates
• voltage window determination.
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Figure 3.8 Cyclic voltammetry of an activated-carbon-based supercapacitor. Measurement
done at 25 ◦C and at v = 20 mV s−1 in a TEATBF-based electrolyte.

The principle of this technique is to apply a linear voltage ramp to an electrode
(or a device) between two voltage limits and to measure the resulting current. The
applied voltage is as follows:

V (t) = V0 + vt for V ≤ V1 (3.7)

V (t) = Vo − vt for V ≥ V2

where v is the scan rate (V s−1) and V1 and V2 are the two voltage boundaries.
Figure 3.8 shows the cyclic voltammetry of an activated carbon two-electrode cell
in acetonitrile-1.5 M tetraethylamonium tetraf luoroborate (TEATFB). A typical
squared i–V curve is usually obtained for such supercapacitors.

Eq. (3.8) is commonly used to describe the electrochemical signature:

i = vCdl

[
1 − exp

(−t/RSCdl

)]
(A) (3.8)

where Cdl and RS are the double-layer capacitance and the equivalent series
resistance (often reduced to the bulk electrolyte resistance), respectively. From
this curve it is possible to measure the voltage window of an electrode (or a
supercapacitor), that is, a signal without including any irreversible faradic reactions;
electrolyte degradation or electrode oxidation usually restricts the voltage window.
Also, by applying Eq. (3.9), it is possible to plot Q versus V :

Q i =
∣∣∣∣
∫

i dt

∣∣∣∣
Vi

(C) (3.9)

where Q i is the local capacity (C) obtained for V = Vi. To obtain the capacitance,
it is usually calculated from the backward step of the cyclic voltammetry, that is,
while the supercapacitor (or the electrode) is discharged. The calculation is made
for each Vi between V1 and V2, which gives the following figure (Figure 3.9).
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Figure 3.9 Capacity variation versus voltage upon discharge.

Since

Q = CV (C) (3.10)

the slope of this curve gives the capacitance C(F). The capacitance can be calculated
in another way when Q–V is not so linear. It is often the case when the material is
pseudocapacitive. Figure 3.10 gives an example of two well-known electrochemical
systems – MnO2 (Figure 3.10a) and RuO2 (Figure 3.10b). In such cases, the
capacitance is more voltage dependant than activated-carbon-based electrodes; the
accuracy of the linear regression is not as good as it should be. To overcome this
issue, the expression (3.11) is applied:

C =

∫ V2

V1
i dt

∫ V2

V1
Vdt

(F) (3.11)

where [V1;V2] is the voltage window, C the capacitance, i the current, and V the
voltage. The calculation is usually made on the backward scan (discharge).

Of course, cyclic voltammetry is useful to evaluate the cyclability of a superca-
pacitor (or an electrode), and the variation in capacitance on cycling would give a
good idea of how things will go. But, usually, galvanostatic cycling is better when
performing such experiments.

3.4.1.2 Galvanostatic Cycling
This technique is very different from cyclic voltammetry because the current is
controlled and the voltage is measured. This is certainly the most widely used
technique in the battery field because it can be extended from a laboratory scale to
an industrial one. This method is also called chronopotentiometry and gives access
to different parameters such as
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• capacitance
• resistance
• cyclability.

The voltage variation is described by Eq. (3.12):

V (t) = Ri + t

C
i (V) (3.12)

The voltage variation of a supercapacitor is represented in Figure 3.11:
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As can be seen from Eq. (3.13), the capacitance of a supercapacitor can be
calculated from the slope of the curve; for a pseudocapacitor, when the V–t
curve profile is not as linear as it should be, the capacitance can be calculated by
integrating the current over the discharge time or charge time:

C = I
∂t

∂V
(F) (3.13)

C = I�t

�V
(F) (3.14)

where i is the set current, �t is the discharge time (or charge time), and �V is the
voltage window.

The series resistance is deduced from the voltage drop (Vdrop) occurring over the
current inversion (�i); it is illustrated in the inset of Figure 3.11:

R = Vdrop

�I
(�) (3.15)

When the current is inversed or interrupted, the voltage drop is directly linked
to the resistance of the cell. By repeating both capacitance and resistance measure-
ments over cycling, it is then also possible to watch the cyclability of supercapacitors
(electrical double-layer capacitors and pseudocapacitors).

3.4.2
Stationary Technique

3.4.2.1 Electrochemical Impedance Spectroscopy
This electrochemical method allows covering a large timescale (from microseconds
to hours), meaning that electrochemical processes are parted depending on their
own time constant. In addition, such measurements are made under steady-state
conditions that allow acquisition times high enough to get accurate measurements.
At last, in contrast to the previous techniques, small excitation signals are employed,
permitting linearization of current–voltage characteristics. Actually, this last point
means that this technique can be carried out by controlling either the current or the
voltage, thus measuring either the voltage or the current. Here, the voltage control
technique is focused on, but the same remarks or conclusions could be driven by
controlling the current. Figure 3.12 presents the most widely used type of signal to
perform electrochemical impedance spectroscopy. The voltage of the system is set
as required (VS) and a small-amplitude (a few millivolts or so) sinusoidal signal is
overlaid and carried out at several frequencies (f , Hz). δv and δi are the amplitudes
of the voltage and the current, respectively.

However, to get highly reliable measurements, it is to be ensured that stationary
conditions are reached before launching the experiment, that is, ∂i/∂t → 0.

As the signal is small enough, a linear relation exists between the current and
the voltage at each pulsation (ω = 2πf ):

V = Zi (V) (3.16)

where V is the voltage, i the current, and Z the impedance.
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V and i can be also expressed using a complex notation, that is:

V (ω) = δv exp
(
jωt

)
(V) (3.17)

i (ω) = δi exp [j (ωt + 	)] (A) (3.18)

Hence, the previous expression can be rewritten as follows:

Z (ω) = δv

δi
exp

(−j	
)
(�) (3.19)

where Z(ω) is also known to be the complex impedance and different definitions
can now be given.

The impedance can also be represented as

Z (ω) = ZRe + jZIm (�) (3.20)

with the impedance modulus as

|Z (ω)| = δV

δi
=

√
ZRe

2 + ZIm
2 (�) (3.21)

and the phase angle as

	 = arctan
(
ZIm/ZRe

) (◦) (3.22)

where ZRe and ZIm are the real and imaginary parts of Z(ω), respectively.
This technique is thus convenient for linearization of a complex electrochemical

system. Such linearization enables the performance of the usual electrical analysis.
It gives the opportunity to find an analogous electrical circuit behaving like the
studied electrochemical cell (also called equivalent circuit). It helps predict the
behavior of a system; moreover, with other physical analysis, it brings clues to
the understanding of reaction kinetics. Of course, the user must handle modeling
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tools with care since many equivalent circuits can fit experimental data and will not
be related anymore to the electrochemistry of the system.

Before going further, the following table shows some impedances of simple ideal
electrical components.

Component |Z| ZRe ZIm Φ (rad)

Resistance R R 0 0
Capacitance 1

Cω
0 −1

Cω
π
2

Inductance Lω 0 Lω −π
2

The reader has to take care of the phase angle definition; indeed, it is easy to
be confused since many electrochemical impedance spectrometer manufacturers
assimilate the phase angle to the argument of the impedance. Actually, argument
is the opposite of the phase angle, as is shown in Eq. (3.23):

Z (ω) = |Z| exp
(−j	

) = |Z| exp
(
jθ

)
(�) (3.23)

where 	 is the phase angle and θ the argument of the complex number.
Electrochemical systems are often more complex and can be modelized with

a combination of components presented in the table. Most used components
are usually resistances (R) and capacitances (C). The former are easily identified
with electrochemical processes and kinetics, the latter more related to charge
accumulation at different interfaces involved in an electrochemical cell.

Figure 3.13 represents the Randles equivalent electrical circuit. This is mostly
used to describe simple electrochemical reactions as, for instance, copper elec-
trodeposition.

While RS is the series resistance mainly related to the bulk electrolyte
resistance, Cdl is the double-layer capacitance related to a charge accumulation
at the electrode/electrolyte interface and RCT is the charge-transfer resistance
linked to the exchanged current as defined in the Butler–Volmer equation (in
Nernst-like systems, RCT is close to zero). A last component is W, which is the
diffusion impedance. This impedance is intended to define the polarization of
an electrochemical system due to diffusion limitation. For an electrochemical
reaction (Eq. (3.24)), the Warburg element can be expressed as

Ox + ne− � Red (3.24)

ZW = σ
(
1 − j

)
ω1/2

(�) (3.25)

RS

RT W

Cdl

Figure 3.13 Randles’ electrical equivalent circuit.
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and

σ = RT

n2F2S
√

2

(
1

DOx
1/2COx

+ 1

DRed
1/2CRed

) (
� rad

1/2 s−1/2

)
(3.26)

where n is the number of the exchanged electron, R the gas constant, T the
temperature in Kelvin, F the Faraday constant, S the footprint area, DOx and DRed

the diffusion coefficients of Ox and Red, respectively, and COx and CRed the bulk
concentration of the electroactive species.

Electrochemists are used to plotting Nyquist plots and Bode plots, which are,
respectively, ZIm versus ZRe and |Z|-	 versus frequency. Figure 3.14A(a,b), B(a,b),
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nite length diffusion limitation. (C) Nyquist plot and Bode plots of Randles circuit. Under
restricted diffusion limitation.
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Figure 3.15 (a) Nyquist plot of an ideal electrical double-layer capacitor and (b) Nyquist
plot of an ideal pseudocapacitor.

C(a,b) represents, respectively, the Nyquist and Bode plots of a Randles equivalent
circuit. The left part of the Nyquist plot (low ZRe values) is related to high
frequencies (HFs) and the right part (high ZRe values) is related to low frequencies
(LFs). At HFs RCT –Cdl (Figure 3.13) is predominant and exhibits an HF loop in
the Nyquist plot, a (−1) slope for the impedance modulus and a peak for the phase
angle. At LF, the mass transport impedance is predominant, leading to a slope of
(−1) in the Nyquist plot and a slope of (−1/2) in the Bode impedance plot. Such
diffusion impedance is observed for the semi-infinite condition, that is, when the
diffusion layer thickness is continuously increasing from the electrode to the bulk
of the electrolyte (but the diffusion layer is small enough compared to the electrode
dimension).

Another particular diffusion condition can also be obtained when the diffusion
layer has a finite length under specific hydrodynamic conditions as is the case,
for example, for a rotating disk electrode. Figure 3.15 represents the Nyquist and
Bode plots, respectively. At HF, RCT is still observed but an LF loop related to finite
length diffusion is observable. The transition between the two loops is particular
and leads, in the Bode impedance plot, to a slope of (−1/2). The resistance of the
LF loop is directly linked to the thickness of the diffusion layer. This kind of plot
is also encountered for spherical diffusion when the diffusion layer thickness is in
the range (or larger) of the electrode dimension.

A last particular condition is when the diffusion layer is restricted as is the
case for a thin electrochemical solution layered between the electrode and another
nonreactive surface. As previously, the same HF behavior is obtained but the LF
impedance is similar to that in a capacitor. A transition slope of (−1) is seen
between the RCT loop and the LF vertical line in the Nyquist plot ((−1/2) slope
at the Bode impedance plot), which means actually that

√
D/2πf >> l (l is the

electrochemical solution thickness, D the diffusion coefficient, and f the frequency
of the signal).
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3.4.2.2 Supercapacitor Impedance
Supercapacitor electrodes are particular cases since most of the time the electrode
impedance can be modelized by two simple sketches (Figure 3.7). Of course, this
is a very basic description but it is sufficient to get the picture.

The first figure (Figure 3.15a) represents the behavior of an electrical double-
layer capacitor, which can be easily described by a simple series resistance (RS)
and a capacitance (Cdl). The first term is mainly linked to the electrolyte resistance
(contact resistances, but current collector resistance could be also included) and
the second to the charge accumulation at the electrode/electrolyte interface. Many
theories exist to describe such charge separation but the Helmholtz one is sufficient
since electrolyte concentration is well above 0.1 mol l−1; thus, the diffusion layer
(Gouy–Chapman layer) can be neglected [1, 2].

The second figure (Figure 3.15b) describes the behavior of a pseudocapacitor,
which is basically described by an electrolyte resistance, a double-layer capacitance
in parallel with a pseudocapacitive branch [1, 3]. This last branch is modelized by a
charge-transfer resistance related to the involved faradic processes; the capacitance
is linked to the charge accumulation at the electrolyte/electrode interface but this
differs from the electric double-layer capacitor in that specific sites are related.
Indeed, faradic reactions occur at favorable active sites, whereas it is not the case
for purely capacitive charge accumulation. That means that kinetic rate constants
exist (charge-transfer resistance) and mass transfer limitation could appear. The
last point is not taken into account in our discussion but could be done with the
addition of the relevant Warburg impedance to the pseudocapacitive branch.

Figure 3.15a represents the Nyquist plot of an ideal electrical double-layer
capacitor (Figure 3.7a). As can be seen, a vertical line is obtained, meaning
the capacitance is constant over the whole frequency window studied. An ideal
pseudocapacitor behavior exhibits the electrochemical impedance response shown
in Figure 3.15b (Figure 3.7b). A first HF loop related to the charge-transfer
resistance and the double-layer capacitance is observed; the LF vertical line is
linked to the charge storage on surface electrochemical reaction. This capacitance
has been expressed in Eq. (3.6).

Actually, real electrode behavior is slightly more complex because of dispersion
factors. These factors are mainly due to geometric aspects such as electrode porosity
and electrode roughness but also active site activation energy dispersion, especially
for pseudocapacitors. Such fractal electrodes induce frequency dispersions of the
electrical parameters [4]. Resistances and capacitances are no more constant over
the whole range of the studied frequencies. In the early 1960s, the porosity aspect
was studied by de Levie by a unique pore model [5]. Of course, the recent models
are more sophisticated and take into account a lot of parameters such as the shape
of the pores [6]. But, so far, de Levie’s model set the foundation for the influence of
porosity on the electrochemical impedance signal.

Figure 3.16 shows an active material grain, in this case, activated carbon, that
can be electrically modelized by a cylindrical pore structure.

A porous electrode can be simplified by a structure looking like the zoom-in of
Figure 3.16. Actually, along the length of the pore, a transmission line model is
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Figure 3.16 Schematic view of a porous electrode. Here, activated carbon is represented.

used to modelize the behavior of the electrochemical species mass transport. That
means that the path toward each active site is not equivalent and is more or less
time consuming depending on the tortuosity. To reflect on this aspect, de Levie [5]
proposed a transmission line model exhibiting several RC constants. The following
equation is the one proposed to describe the impedance of a porous electrode:

ZP = √
RPZE cotanh

(√
RP/ZE

)
(�) (3.27)

ZSC = RS + ZE (�) (3.28)

ZP is the impedance due to the porosity of the electrode, RP is the ionic resistance
of the active material, and ZE is the electrode/electrolyte interface impedance. For
the particular case of the electrical double-layer capacitance, ZE can be replaced by
1/jCdlω, which is achieved by removing the faradic resistance. Of course, the total
impedance of an electrode is given by the expression (3.27) to which the series resis-
tance is added (Eq. 3.28)). This last term is mainly governed by the bulk electrolyte
resistance, but contact resistances, for example, could be considered as well.

ZSC represents the total impedance of an electrode (or a device); this impedance
is frequency dependant and Figure 3.17a gives an overview of the consequence on
the electrode analysis.

While r1 and r2 are the radii of the pores, λ1 and λ2 are the penetration length
of the electrical signal. Song et al. [7] demonstrated with this figure that the higher
the frequency (f 1 and f 2) or/and the smaller the pore radius, the shallower the
penetration of the AC signal. That means that at HF the external surface and
the larger pores are only interacted with the electrochemical species. Thus, while
decreasing the frequency, electrochemical species access more and more to the
whole active electrode surface area.

Figure 3.17b shows the Nyquist plot obtained for an activated carbon electrode.
If compared with Figure 3.15a, a sloppy region (slope = −1) is observable
corresponding to the medium frequencies. This part is perfectly fitted by Eq. (3.27)
and is linked to the ‘‘electrolyte penetration’’ into the depth of the porosity (actually
this is the voltage propagation throughout the electrode). A transition frequency
called knee frequency (Figure 3.17b) delimiting the sloppy region and the vertical
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Figure 3.17 (a) Schematic view of AC signal penetration inside a porous electrode [7]. (b)
Nyquist plot of an electrical double-layer capacitance.

one. The latter is reached when the whole surface is accessible; in other words,
the frequency is small enough to allow the electrical signal going throughout
the electrode. Thus, ions can cover the whole surface and the capacitance is no
longer frequency dependant. Of course, the same analysis could be done for a
pseudocapacitive electrode except that an HF charge-transfer loop has been added.

The de Levie analysis gives the picture of how a porous electrode behaves, but
when more complex dispersions are considered, such as the shape of the pores,
the mathematics becomes trickier to handle.

To render the electrical dispersions occurring in a real electrode, a more conve-
nient mathematical tool is used, which is the constant phase element (CPE). The
main drawback of such a tool is that it is a black box analysis but it is very easy to
handle. It is expressed as

ZCPE = 1

Y0

(
jω

)α (�) (3.29)

where ZCPE is the equivalent impedance, Y0 is the admittance modulus (1/|Z|); ω is
the signal pulsation (ω = 2πf ); and α is the dispersion exponent. Three particular
situations can be found depending on the value of α.

α = 0 α = 0.5 α = 1

Impedance Resistor Warburg Capacitor
R = 1

Y0
W = 1

Y0(jω)0.5 C = 1
jωY0

It can be seen from Figure 3.18 that CPE can be used to give an electrical
description of the electrode and the two following figures give an idea of how an
electrical double-layer capacitor or a pseudocapacitor varies with α.
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Figure 3.18 (a) Nyquist plot of a CPE for different values of α, (b) Nyquist plot of a pseu-
docapacitor including a CPE instead of Cdl.

As observed, when the frequency dispersion increased (low α), the Nyquist plots
are shifted to higher resistances. Needless to say that for describing a real electrode,
a linear combination of several CPE could be done:

Z = 1

Y0

(
jω

)a0
+ 1

Y1

(
jω

)a1
+ 1

Y2

(
jω

)a2
(�) (3.30)

For instance, Eq. (3.30) can be used to describe an activated carbon electrode
(Figure 3.17) with α0 = 0, α1 = 0.5, and α2 = 1.

Electrochemical impedance spectroscopy is a powerful technique that allows
measuring both the equivalent resistance and the capacitance at different frequen-
cies. Also, the frequency analysis allows parting different processes occurring at the
electrode. For example, combining galvanostatic cycling with such measurements
gives information about resistances and capacitance evolution. An electrode degra-
dation can be due to current collector corrosion, increased electrode resistance,
increased contact resistance, electrochemical shuttles, and so on. It can be roughly
said that at HFs, contact resistances, current collector corrosion is mainly con-
cerned; at medium frequencies, electrochemical species accessibility (Eq. (3.27))
throughout the electrode is involved; charge storage, diffusion limitations, and
leak resistance (electrochemical shuttles, irreversible electrochemical processes)
occur at LFs. Thus, depending on the frequency region mainly implies that the
impedance variation on cycling an accurate analysis can be done. Of course, an
assumption made with the impedance technique has to be confirmed by using
other analysis tools. Again, even if this technique is powerful it is really easy to be
lost since the main drawback of impedance spectroscopy is that many equivalent
circuits can be found to describe the same electrical behavior.

Figure 3.19 presents an impedance analysis of a supercapacitor electrode com-
posed of an aluminum foil coated with an activated carbon film depending on
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Figure 3.19 Influence of the electrode/current collector interface on the electrode
impedance. (a) An aluminum current collector used as received and (b) an etched
aluminum current collector, and (c) a treated aluminum current collector.

the current collector surface treatment. Actually, an important contribution to the
impedance of such an electrode is the contact impedance between the current
collector and the active material [8]. Portet et al. [9] showed that for a carbon–carbon
electrical double-layer capacitor, surface treatment on an aluminum current collec-
tor was needed to improve the power ability. When current collectors are used as
received, a large HF loop is observed owing to the thick aluminum oxide layer. By
increasing the contact surface and decreasing the oxide layer thickness by acidic
etching, the loop is reduced. The HF loop is removed and a decrease in the contact
resistance is obtained by filling the etched aluminum foil using acethylene black.
As can be seen, the HF loop is no longer observed and the total impedance of the
electrode is drastically lowered [9].

Another way to analyze impedance data is to plot complex capacitance plots. The
complex capacitance can be expressed as follows [10]:

C = CRe − jCIm (F) (3.31)

with

CRe = −ZIm

ω|Z|2 and CIm = ZRe

ω|Z|2 (F) (3.32)

Such expressions are very convenient to define accurately the knee frequency
since a peak is observed on CIm-f plot and CRe = C0/2 for f = f knee. C0 is the LF
capacitance that can also be measured by galvanostatic experiments. Figure 3.20
shows the capacitance plots of an activated-carbon-based electrical double-layer
capacitor electrode depending on the type of electrolyte. It compares an acetonitrile
(AN)-based electrolyte and a propylene carbonate (PC) electrolyte. The former
solvent led to a more conductive electrolyte because of its lower viscosity and
higher wettability.

As observed here, the lower the f knee, the higher the dispersions. This frequency
is very particular since it is the boundary between the full access of the electrode
surface and the electrolyte penetration region. Also, it is the frequency of the
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Figure 3.20 Evolution of the (a) real part and (b) imaginary part of the capacitance versus
frequency for 4 cm2 cells assembled with two electrodes containing 15 mg cm−2 of PICAC-
TIF SC activated carbon in AN and PC with 1.5 and 1.0 M NEt4BF4, respectively [10].

median charge storage efficiency and can be defined as a merit factor: at higher
frequencies the charge storage efficiency is below 50% and at lower frequencies it
is superior to 50%. Actually, this efficiency is the ratio of stored energy/loss energy.
Such a representation is complementary to the other and gives directly the charge
storage ability of an electrode. Actually, this f knee also defines the bandwidth of the
supercapacitor, which needs to be known when it is to be integrated in an electrical
circuit. It is possible to see from Figure 3.20 that it is preferable to use an AN-based
electrolyte if high-power applications are aimed at.

The goal of this chapter was to give the main keys to analyze electrical double-
layer capacitors and pseudocapacitors. The electrochemical techniques exposed in
this chapter are the most widely used to characterize supercapacitors and are suf-
ficient to get relevant parameters. The combination of the three techniques allows
understanding the electrochemical phenomena that occur. Some applications are
shown all along this book.
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4
Electrical Double-Layer Capacitors and Carbons for EDLCs
Patrice Simon, Pierre-Louis Taberna, and François Béguin

4.1
Introduction

Accumulators, electrochemical capacitors (ECs) (or supercapacitors), and capacitors
are the three main electrochemical systems that can be used to store energy. As
described in the so-called Ragone plot shown in Figure 4.1, each of these systems
offers different characteristics in terms of specific power and energy. From a
general point of view, accumulators, and more precisely Li-ion batteries, can store
high energy densities (up to 180 Wh kg−1 for commercial products) with low-power
densities (up to about 2 kW kg−1). Electrical double-layer capacitors (EDLCs) can
deliver very high-power density (15 kW kg−1) with lower stored energy (5 Wh kg−1)
than that of batteries.

EDLCs can be applied in the case of stationary and mobile systems requiring high-
power pulses: car acceleration, tramways, cranes, forklifts, emergency systems, and
so on. Moreover, owing to their low time constant, they can quickly harvest energy,
for example, during deceleration or braking of vehicles.

Although EDLCs are able to provide high power with a long cycle life compared to
accumulators, they suffer from a relatively low energy density. Therefore, the main
ongoing research direction concerns the optimization of the existing electrode
materials and the development of new materials.

Industrial EDLCs are essentially based on nanoporous carbon electrodes. The
reasons for this choice lie in the high availability, low cost, chemical inertness, and
good electrical conductivity of activated carbons (ACs), as well as a high versatility
of texture and surface functionality. For these reasons, this chapter presents the
capacitance properties of carbon-based electrodes, showing optimization strategies
playing on the structure/nanotexture of the carbon and on the nature of the
electrolyte.

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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4.2
The Electrical Double Layer

EDLCs are ECs storing the charge electrostatically by reversible adsorption of ions
of the electrolyte onto electrochemically stable high specific surface area (SSA)
carbonaceous active materials. Charge separation occurs on polarization at the
electrode/electrolyte interface, producing what Helmholtz [2] described in 1853 as
the double-layer capacitance C according to:

C = εrε0A

d
or C/A = εrε0

d
(4.1)

where εr is the relative dielectric constant of the electrolyte, ε0 the dielectric constant
of vacuum, d the effective thickness of the double layer (charge separation distance),
and A is the surface area of the interface.

This capacitance model was later refined by Gouy and Chapman, and Stern and
Geary [3] who suggested the presence of a diffuse layer in the electrolyte due to the
accumulation of ions close to the electrode surface, as presented in Figure 4.2 for
aqueous electrolytes. The double-layer capacitance is between 5 and 20 µF cm−2

depending on the electrolyte used. Specific capacitance achieved with aqueous
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Figure 4.2 (a) Helmholtz and (b) Stern
model of the electrical double layer formed
at a negatively charged electrode/electrolyte
interface in aqueous electrolyte. IHP
refers to the distance of the closest ap-
proach of ions and OHP refers to that

of the nonspecifically adsorbed ions. The
OHP is also the plane where the dif-
fuse layer begins. d is the double-layer
distance described by the Helmholtz
model. φ0 is the potential at the electrode
surface [4].

alkaline or acid solutions is generally higher than in an organic electrolyte, but
organic electrolytes are more widely used owing to a higher operation voltage (up
to 2.7 V in symmetric systems). As the energy stored is proportional to voltage
squared (Eq. (4.3)), a threefold increase in voltage, U, results in about 1 order of
magnitude increase in energy, E, stored at the same specific capacitance.

To increase the charge stored, it is necessary to increase the surface area of the
electrode/electrolyte interface; this is usually achieved by enhancing the carbon
surface area using different precursors as well as different synthesis conditions.
Surface area is generally increased by the development of porosity in the bulk of the
carbon materials. Unfortunately, there is no simple linear relationship between the
surface area and the capacitance [5]. Indeed, more than the total porous volume,
the way this porosity is created – that is, control of the pore size as well as pore size
distribution – greatly impacts on the carbon capacitance.

The main electrical characteristics of EDLCs are the energy and the power
densities, and their electrostatic charge storage mechanism is responsible for the
unique features shown in Figure 4.1.

The maximum power density is given by Eq. (4.2):

P = U2/ (4R) (4.2)
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where U is the maximum cell voltage (V), R the series resistance (�), and P the
maximum power (W).

Thanks to the electrostatic charge storage mechanism, the series resistance does
not contain any charge-transfer resistance contribution associated with the electron
exchange as is observed for redox reactions. Thus, the series resistance is lower
than that of batteries at the cell level; that explains the higher power density of
supercapacitors compared to that of batteries.

Cell voltage is mainly limited by electrolyte stability. When using aqueous-based
electrolytes such as KOH or H2SO4, the maximum cell voltage is about 0.9 V. Most
of the commercial devices use an organic electrolyte, so that the operating voltage
reaches 2.7 V. Conventional organic electrolytes are acetonitrile (CH3CN, or ACN)
or propylene carbonate (PC) containing N(C2H5)4

+BF4
− salt.

The maximum energy density is given by Eq. (4.3):

E = 1/2 CU2 (4.3)

where U is the maximum voltage (V), C the capacitance (F), and E the energy (J).
Since the charge storage is achieved at the surface of the active material, at the

difference of the batteries where the charge is stored in the bulk of the material
(in the chemical bonds through electrochemical redox reactions), energy density of
ECs is less than that of Li-ion cells. However, this storage mechanism also allows
a very fast delivery of the stored charge. Thus, EC devices can deliver all the stored
energy in a short time, about 5 s; this process is fully reversible and energy updates
can be achieved within the same time period.

The cyclability of supercapacitors is not limited by the active materials’ volume
changes (and associated aging) between the charged and the discharged state
as in batteries. Being an electrostatic charge storage mechanism, the efficiency
(discharge time/charge time at the same current) is close to 100%, that is, higher
than in batteries. Accordingly, supercapacitor cyclability is really outstanding, and
more than 1 000 000 charge–discharge cycles up to the nominal voltage can be
achieved with less than 20% decrease in capacitance and less than 100% increase
in resistance (at room temperature).

The low-temperature behavior of supercapacitors is different from that of batteries.
A key parameter to control for improving the low-temperature behavior is electrolyte
conductivity, which decreases when the temperature is decreased. Li-ion batteries
have to use carbonate-based electrolytes that are needed to build the solid electrolyte
interphase (SEI) at the negative and positive electrodes. Such carbonate-based
solvents (propylene carbonate (PC), ethylene carbonate (EC) dimethyl carbonate
(DMC), etc.) exhibit limited ionic conductivity below −15 ◦C. Supercapacitors
are not limited in the choice of solvents because no carbonate-based solvents
are needed. Using ACN as the solvent guarantees an operation at temperatures
down to −40 ◦C, although with degraded performances. The maximum operating
temperature is in the same range as that of batteries, that is, +70 ◦C, limited by the
electrolyte decomposition onto the high-surface-area-active carbon electrodes.

Typical performances of ECs are summarized in Table 4.1.
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Table 4.1 Average performances of supercapacitors.

Specific energy (Wh kg−1) 2–5
Specific power (kW kg−1) 5–20
Charging time (s)a 1–5 s
Discharging time (s)a 1–5 s
Cyclability (cycles) 106 and more
Calendar life >10 years
Energetic efficiency (%) >95
Operation temperature (◦C) −40 to +70 ◦C

aTime for charging/discharging the usable total energy stored in the device.

4.3
Types of Carbons Used for EDLCs

Many different carbon forms can be used as active materials in EDLC electrodes
and only a few examples that are thought to be the most representative are given
subsequently. A recent and exhaustive review was published by Pandolfo and
Hollenkamp and that paper [6] can be consulted for more detailed information.

4.3.1
Activated Carbon Powders

ACs are the most widely used active materials for EDLC applications because of
their high SSA and relatively low cost. As in the case of batteries, the material cost
is a limiting factor for EDLC applications, thus restricting the use of expensive
synthesis processes and precursors. ACs are derived from carbon-rich organic
precursors by heat treatment in an inert atmosphere (carbonization process),
followed by physical or chemical activation to develop the surface area [7]. ACs can
be obtained from natural – fruit shells such as coconut shells, wood, pitch, coke, and
so on – or synthetic precursors such as selected polymers. The physical activation
process consists in a partial, controlled gasification of the carbon precursor grains
using CO2 or steam, according to Eqs. (4.4) and (4.5):

C + CO2 → 2 CO (4.4)

C + H2O → CO + H2 (4.5)

Chemical (KOH, ZnCl2, and H3PO4) routes can also be used. KOH activation
is a complex process, involving several redox reactions with carbon, followed
by potassium intercalation/insertion and expansion of the structure [8, 9]. In
the particular case of H3PO4, carbonization and activation generally proceed
simultaneously at temperatures lower than 600 ◦C [10].

On the nanotextural point of view, the activation process may lead to SSA as
high as 3000 m2 g−1. In Figure 4.3a, the scanning electron micrograph (SEM) of
an AC prepared from coconut shell shows macropores (>50 nm width) that are
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Figure 4.3 (a) Activated carbon produced from coconut shell and (b) relative disposition
of the pores in an activated carbon. From Ref. [11].

5 nm

Figure 4.4 002 Lattice-fringe HRTEM image of an activated carbon.

originated from the cell structure of the precursor [11]. These macropores are not
effective for adsorption of various molecules, but their presence before activation
is preferable for creating mesopores (2–50 nm) and micropores (<2 nm) in the
walls (small holes seen in Figure 4.3a). The pore texture of most ACs is illustrated
in Figure 4.3b, where macropores and mesopores work as paths for oxidizing
agents to create micropores during the activation process and also for adsorbate
molecules/ions to reach the micropores during adsorption/electrosorption.

At the nanometric scale, several structural/nanotextural models have been
proposed, but none of them gives a perfect description of the properties. The high-
resolution transmission electron microscopy (HRTEM) 002 lattice-fringe image of
an AC in Figure 4.4 shows short fringes, a few nanometers long, representing
graphene-type layers, highly misoriented, some of them forming stacks of a few
layers. The disorientation of the graphene-type units causes the porosity of the
material. According to simulations [12, 13], the graphene layers are not perfectly
planar, and curvatures might be produced by defects such as pentagons and
heptagons in their structure.
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PentagonHeptagon

Figure 4.5 Schematic nanotextural and structural model of an AC showing fullerene-like
elements [16].

On the basis of various observations, Harris et al. [14–16] proposed a model
for the structure/nanotexture of non-graphitizable carbons that consists of discrete
fragments of curved graphene sheets, in which pentagons and heptagons are
dispersed randomly throughout networks of hexagons, as illustrated in Figure 4.5.
Such a model is, of course, an imperfect representation of the arrangement of
the graphene-type units; in particular, it does not show the three-dimensional
connection of units together.

For making electrodes, AC powders are processed into active material films by
mixing with conductive carbon black and an organic binder; films are coated onto
metallic current collectors to obtain the electrodes. Most of the recent commercial
devices use AC-based electrodes in organic electrolytes with a cell operating voltage
up to 2.7 V. In such electrolytes, AC capacitance reaches about 100 F g−1 and
50 F cm−3; in aqueous electrolytes, it can be increased up to 200 F g−1 but the
cell voltage is limited to less than 1 V [1, 17]. As detailed in Chapter 6, in protic
electrolytes, the capacitance is enhanced by a pseudo-faradic contribution related
to the surface functionality of carbons.

The pore size distribution in most AC materials is not optimum because very
often it suffers from poor pore size control the activation process can achieve, thus
limiting the possibility of fully exploiting the whole developed surface area to form
the double layer.

4.3.2
Activated Carbon Fabrics

As compared to powders, AC fabrics or carbon nanofiber paper do not need any
binder addition and can be directly used as active material films. Electrical conduc-
tivity is high (200–1000 S cm−1). AC fabrics [6] and paper [18] are obtained from
polymeric fibers such as rayon and polyacrylonitrile. Once activated, the surface
area is comparable to ACs, in the range of 1000–2000 m2 g−1. However, the cost of
these materials is highly restricting their use in EDLC to very specific applications.
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4.3.3
Carbon Nanotubes

Similar to what has happened in the field of batteries, ECs have been identified as a
potentially promising application for carbon nanotubes (CNTs). CNTs are produced
from the catalytic decomposition of hydrocarbons. Depending on the synthesis
parameters, single-wall carbon nanotubes (SWCNTs) as well as multiwalled carbon
nanotubes (MWCNTs) can be prepared, combining both fully accessible external
surface area and very high electrical conductivity. However, capacitance values
achieved with purified CNT powders are not really impressive: from 20 up to 80
F g−1 [19, 20]. This was mainly attributed to the poorly developed microporous
volume of CNTs. In the case of MWCNTs, this volume can be increased by
activation of the nanotubes [21], but the capacitance values still remain lower than
for ACs. Surface functionalization by introducing pseudocapacitance contribution
through oxidation treatments leads to significant improvement of the capacitive
behavior in protic media [19]; however, the cycle life tends to be limited in this
case. Currently, many efforts are focused on the development of dense, nano-
ordered, aligned CNT forests perpendicular to the current collector that could
help increase the capacitance by fine-tuning the inter-tube distance [22, 23]. Such
CNT-based nanoarchitectured electrodes appear to be very promising, mainly for
microelectronics applications [20, 24].

4.3.4
Carbon Aerogels

Carbon aerogels are prepared from the sol–gel route, by the poly-condensation
reaction of resorcinol and formaldehyde. A pyrolysis treatment in an inert atmo-
sphere leads to the formation of a porous carbon aerogel with a controlled and
uniform mesoporous texture (pore size between 2 and 50 nm), and a high electrical
conductivity (several S cm−1). SSAs are in the range of 400–900 m g−1, that is, lower
than the AC ones. Thanks to this ordered and interconnected pore structure, power
capabilities of carbon-aerogel-based electrodes are generally high [6]. However,
specific gravimetric capacitance values in the range of 50–100 F g−1, for organic
and aqueous electrolytes, respectively, have been reported in the literature, thus
limiting the usable energy density [25]. On the other hand, the very low density of
these materials results in a poor volumetric capacitance and consequently to little
interest for applications.

4.4
Capacitance versus Pore Size

The specific capacitance of carbons has generally a linear dependence on Brunauer-
Emmet-Teller (BET) SSA for low values, but it rapidly tends to a plateau [5] when
the SSA is higher than 1500–2000 m2 g−1. This kind of saturation phenomenon
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is often interpreted by the fact that the BET model overestimates the values of the
surface area [26, 27]. Therefore, some plots have been proposed versus the DFT
(density functional theory) surface area, but saturation is still observed for the high
surface area carbons, that is, for carbons with increasing activation degree. In order
to explain this effect, Barbieri et al. [5] suggested that, owing to the decrease in
average pore wall thickness in highly activated carbons, the electric field (and the
corresponding charge density) no longer decays to zero within the pore walls.

A similar effect has been observed with a series of nanoporous carbons obtained
by KOH activation of bituminous coal pyrolyzed at various temperatures [28],
although these carbons were prepared from the same precursor using the same
activation process and should be of comparable nanotexture. The authors remarked
that the average pore size increases together with the SSA, that is, when the
activation degree of carbon increases, and suggested that the interaction of ions with
pore walls is weaker in larger pores, reducing the effect of porosity development on
capacitance. The volumetric capacitance (gravimetric capacitance, in F g−1, divided
by the Dubinin–Raduskevich micropore volume, in cm3 g−1) of these carbons
increases as the average micropore size, L0, decreases (Figure 4.6) [28]. Such a
result fits well with the formula (4.1) expressing that capacitance increases when the
distance d between pore walls and ions decreases. Contrary to the long-held axiom
that pores of about twice the solvated ion size are needed to optimize the charge
storage by minimizing the void volume [4], high capacitance could be obtained with
microporous carbons, suggesting that even the small micropores (size less than 1
nm) contribute to the charge storage mechanism.

As a consequence, the way of developing the surface area greatly impacts the value
of specific capacitance achieved. One of the key issues in designing nanotextured
carbons for EDLC applications is therefore the understanding of the relationship
between the electrolyte ion size and the carbon pore size. In other words, what is
the best pore size to achieve the highest specific capacitance?

Considering the difficulty in perfectly controlling the pore size by the traditional
activation processes, many studies have been focused over the past years on the
design of tuned porous carbons for increasing the specific capacitance using
different strategies. In this aim, the template synthesis route has appeared to be
an efficient way to create controlled porosity in the mesoporous (2–10 nm) [29, 30]
and microporous range [31]. Basically, the template process consists in filling the
pores of an inorganic host matrix – the template – with a carbon precursor. After
carbonization, the template is etched by acidic treatment and the obtained carbon
has a pore size as a negative image of the template [32]. The specific capacitance
values measured with mesoporous templated carbons, although slightly higher than
standard ACs in some cases, did not show a real breakthrough: about 200 F g−1

in sulfuric acid and 110 F g−1 in organic electrolytes [29, 30, 33]. Moreover, the
linear relationship shown in Figure 4.7 between gravimetric capacitance and the
pore volume measured by CO2 adsorption at 273 K (volume of pores smaller than
0.7–0.8 nm) indicates that the capacitance behavior of these carbons is essentially
related to the subnanometric pores in the walls. The straight mesoporous channels
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Figure 4.8 Three-electrode cyclic voltammograms of template microporous carbons. A20 is
a typical microporous activated carbon taken as reference. From Ref. [35].

are only effective for a quick transportation of ions to the small micropores where
they are stored [30].

The EDLC performances of ordered microporous carbons derived from zeolite
templates were evaluated in 1 mol l−1 Et4NBF4 in PC. The carbons were synthesized
through acetylene chemical vapor deposition in zeolite Y (Y-Ac), zeolite X (X-Ac),
and zeolite β (β-Ac) [31]. Another material named Y-Ac (press) was obtained after
hot pressing of Y-Ac [34]. Despite their very thin pore walls (e.g., a single graphene,
0.34 nm), capacitance was found almost proportional to the SSA, even for the
carbons with high SSA values (>2000 m2 g−1). By contrast with a reference
microporous carbon, the cyclic voltammograms (CVs) of all template carbons in
a three-electrode cell show a current drop around the zero charge potential at
−0.2 V (Figure 4.8). This current minimum is attributed to the unique framework
nature of the microporous template carbons made of a single graphene sheet [35]
that may be semiconductive in nature [36]. Indeed, the voltammogram of SWNTs
that contain semiconductive tubes showed a similar drop around 0 V in organic
electrolyte, attributed to the poor electrical conductivity of the semiconductive tubes
at this potential [22, 23].

4.5
Evidence of Desolvation of Ions

As already pointed out, the linear dependence of the capacitance of mesoporous
template carbons with their ultramicropore (<0.7–0.8 nm) volume clearly demon-
strates that ions are essentially stored in small micropores [30]. On the other hand,
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considering the diameters of solvated Et4N+ (1.30 nm) and BF4
− (1.16 nm), and

neat Et4N+ (0.68 nm) and BF4
− (0.48 nm) [37], suggests that ions are at least partly

desolvated when stored in ultramicropores.
Charge storage in pores smaller than the size of solvated electrolyte ions was

fully evidenced by using carbide-derived carbons (CDCs) [38]. These materials are
obtained from metal carbide chlorination at temperatures ranging from 400 to
1000 ◦C according to the following Eq. (4.6) [32]:

MC + nCl2 → MCl2n + Cs (4.6)

After preparation, the CDC samples are annealed at 600 ◦C under H2 atmosphere
to clean the surface and neutralize the reactive carbon dangling bonds. This method
allows the synthesis of carbons with controlled pore range, since porosity is issued
from the leaching out of metal atoms M. By playing with temperature and thermal
treatment duration, narrow pore size distribution CDCs were prepared, with a
mean value that is tunable with better than 0.05 nm accuracy. Table 4.2 lists the
porous characteristics of these carbons. References [38–40] can be consulted for
additional information.

The CDCs were used as model materials to study the ion adsorption in pores
of average size between 0.6 and 1.0 nm. Figure 4.9 shows zone (I, II, III) the
normalized capacitance (specific capacitance divided by BET SSA) versus the CDC
pore size, obtained in an ACN-based electrolyte containing 1.5 mol l−1 Et4NBF4

salt [38] in a two-electrode cell configuration. Each electrode contains an aluminum
current collector foil coated on one side with the CDC material film with a loading
of 15 mg cm−2. The film composition is 95% CDC and 5% PTFE as binder and the
separator is a TeflonTM sheet from Gore.

The normalized capacitance decreases with decreasing pore size until a critical
value is reached, where it dramatically increases. Pores below 1 nm contribute
greatly to the double-layer charge storage although they are smaller than the size
of solvated ions. This capacitance increase for pore size <1 nm is explained by
the distortion of the ion solvation shell, leading to a closer approach of the ions to
the carbon surface, which by Eq. (4.1) leads to improved capacitance. Plotting the
data obtained for bituminous coal (Ref. [28] and Figure 4.6) using the same scale

Table 4.2 Porosity characteristics of CDCs from Ar isotherms [41].

Chlorination
temperature (◦C)

BET SSA
(m2 g−1)

Pore volume
(cc g−1)

Average pore
width (nm)

Maximum pore
widtha (nm)

500 1140 0.50 0.68 1.18
550 1202 0.51 0.72 1.29
600 1269 0.60 0.74 1.23
700 1401 0.66 0.76 1.41
800 1595 0.79 0.81 1.54
900 1625 0.8 1.0 2.5

aEighty-five percentage of the pore volume is below this size.
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as in Figure 4.9 gives a comparable trend (Figure 4.10) demonstrating the high
efficiency of subnanometric pores whatever the kind of precursor and/or process
used for creating porosity.

Once it was unambiguously established that ions could access pores smaller
than their solvated size, with a resulting normalized capacitance improvement,
work has been focused on the study of the relationship between the ion size and
the pore size to understand the ion confinement in these narrow pores. A first
step consisted of using a three-electrode cell experimental setup (Chapter 3) to
get the electrochemical signature of each electrode in ACN containing 1.5 mol
l−1 Et4NBF4. In such experiments, the cell voltage is controlled and a reference
electrode is used to record the positive and negative electrode potentials.

A sketch of the cell stack is given in Figure 4.11; the working electrode and the
counter electrode consist of an aluminum foil current collector coated with the
CDC material film with a mass loading of 15 mg cm−2. Two stainless steel clamps
keep the electrode/separator/electrode stack under constant pressure.

Figure 4.12 shows the CVs at a voltage scan rate of 20 mV s−1 for two CDCs of
different average pore size: 0.68 and 0.8 nm [42].
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Figure 4.11 Sketch of the three-electrode cell used to run cyclic voltammograms (CVs) and
galvanostatic cycling (GC) of microporous CDC carbons.
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Figure 4.12 Three-electrode cell CVs of CDCs with average pore size 0.68 nm (a) and 0.8
nm (b) in ACN + 1 mol l−1 Et4NBF4 electrolyte, showing the different capacitive behaviors
for the cation and the anion. Voltage scan rate: 20 mV s−1. From Ref. [42].

In Figure 4.12a, it can be seen that the potential range is larger for the negative
electrode than for the positive one. Using Eq. (4.7) to calculate the capacitance:

C = I(
dV
dt

) (4.7)

it can be deduced that the positive electrode capacitance is larger than the negative
one since the positive scan rate is smaller than the negative one.

Figure 4.13 shows an example of a positive and negative electrode capacitance
measurement for the CDC with average pore size of 0.8 nm, using galvanostatic
cycling (GC) in the three-electrode cell configuration. The voltage was set between 0
and 2.3 V, and the positive and negative electrode potential variations were recorded.

Figure 4.14 shows the capacitance values (calculated from the slopes of the
galvanostatic discharge plots) versus the average pore size of the carbons for the
cell, the positive and negative electrodes [42]. At the positive electrode, anion
adsorption occurs while the cation is adsorbed at the negative electrode. The
positive and negative electrode capacitance, as well as the cell capacitance, passes
through a maximum at a different carbon pore size. The larger capacitance of the
positive electrode (anion adsorption) can be explained by the difference in the ion
size, the diameter of the bare Et4N+ cation being larger than the BF4

− anion (0.68
and 0.48 nm, respectively).

The average pore size value where the positive electrode capacitance is maximum
(anion adsorption) is 0.7 nm. This value is between the bare anion diameter (0.48
nm) and the solvated ion diameter in ACN (1.16 nm). This confirms that the anions
need to be partially desolvated to enter these micropores. The same can apply to the
cation adsorption at the negative electrode, since the average pore size (0.76 nm)
corresponding to the capacitance maximum is between the bare cation diameter
(0.68 nm) and the solvated cation diameter (1.30 nm). Thus, it appears that there
is an optimum pore size to maximize the capacitance for carbons in ACN + 1
mol l−1 Et4NBF4 electrolyte; this optimum pore size depends on the ion size. The
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capacitance of the cell can be increased up to 140 F g−1, which is more than the
average capacitance of 100 F g−1 reported for ACs in the same electrolyte. There
is definitely a significant interest in understanding the relationship between the
ion size and the carbon pore size to optimize the capacitance of carbons in organic
electrolytes, and, in this way, microporous carbons seem to have the capability to
push away the limits.

In this sense, striking results have been obtained by Ania et al. [43] using a
commercial AC cloth with narrow pore size distribution in 1 mol l−1 Et4NBF4.
Although the average QSDFT (Quenched Solid Density Functional Theory) pore
size distribution of this carbon is centered at 0.58 nm, with 63% of the porosity
below the computed cation size (0.68 nm for Et4N+), the carbon demonstrates a
relatively high capacitance value of 92 F g−1. Such an unexpected value confirms
that the desolvated cationic species in situ squeeze in the pores under the effect of
the electric field, showing slightly lower dimensions than their computed limiting
size. It appears then that the approximation of computing the ionic dimensions
based on their rigid and optimized minimum energy structure does not apply when
the ions are forced to move driven by the imposed polarization of the electrodes.
By computing several conformations, it has been shown that the limiting size
in the case of the Et4N+ cation may apparently go down to values below the
average pore size of the carbon as estimated by the maximum value in its pore size
distribution [43].

The optimal match between the pore size and the dimensions of the distorted
electrolyte gives rise to an enhanced capacitance because of multiple interactions
of the ions with the pore walls of the carbon cloth. As shown in Figure 4.15, when

Distorted
desolvated

ions

Carbon
Pore width 0.6 nm Pore width 1 nm

Empty pore
volume

(b)(a)

Figure 4.15 Illustration of the pore-to-
ion interactions inside the pores of car-
bon electrodes; (a) pore width matching
the dimensions of distorted electrolyte
cations – carbon cloth in organic medium –

and (b) carbon with pore width much larger
than the cation’s limiting size (in this case
the empty volume might be occupied by sol-
vent molecules or even some anions). From
Ref. [43].
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distorted ions enter pores the size of which is smaller that the limiting size of
the ionic species of the electrolyte, such a confinement state does not allow the
formation of a traditional electrical double layer constituted by one layer of solvated
ions adsorbed on each pore wall; the ions rather form a monolayer surrounded by
the charged carbon surface. A model where ions form an electric wire-in-cylinder
inside micropores of small sizes has recently been proposed by Huang et al.
[44, 45] and is detailed in Chapter 5.

As ions are flexible species with a nonfixed diameter and since pores of the
carbon are distributed around an average value, one should be always careful in
interpreting the data obtained by comparing the respective dimensions and should
not expect that it will be possible to obtain perfectly quantitative correlations.

4.6
Performance Limitation: Pore Accessibility or Saturation of Porosity

4.6.1
Limitation by Pore Accessibility

Galvanostatic or CV measurements using large cells do not permit getting any
information about the extent of the solvation shell or the effective size of the
ion seen by the carbon during the adsorption process. Such information can be
obtained from dynamic measurements by using the cavity microelectrode (CME).
Cachet-Vivier et al. [46] were the first to report an electrochemical study of powder
materials by means of the CME. Such an electrode allows a small amount of
powder (hundreds of micrograms, depending on the size of the cavity) to be
characterized. As compared with conventional electrodes, the real electrochemical
interface surface area is around a fraction of a square millimeter and the ohmic
drop arising from the bulk of the electrolyte can be neglected, allowing the use of
scan rates of a few volts per second to characterize the powder. Equally important,
the time required to prepare and test an electrode is on the order of minutes
instead of hours to days with a conventional electrode, enabling combinatorial
electrochemistry studies [47].

A sketch of the CME is given in Figure 4.16. It consists of a Pt wire sealed in
a glass rod. A microcavity of ∼10−6 cm3 (characteristic length of the electrode is
about 100 µm) was made by dissolving the Pt wire in aqua regia. The microcavity
is filled with active materiel by pressing it on the carbon powder spread on a
glass plate; cavity cleaning was achieved by soaking the electrode in alcohol in an
ultrasonic bath after each experiment. The counter electrode is a rolled platinum
foil of 1 cm2; a silver rod is used as a quasi-reference electrode.

CDC samples were used to pack the CME and they were electrochemically
characterized in the ACN + 1 M NEt4BF4 electrolyte [41]. Figure 4.17 shows the
three-electrode CVs for CDC samples with average pore size from 0.68 up to 1 nm.
The CME not being a quantitative technique, all the CVs were normalized to the
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Figure 4.16 Three-electrode setup including the cavity microelectrode (CME) as working
electrode (WE). Inset: detail of the CME; RE, reference electrode; CE, counter electrode.
From Ref. [41].
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rate: 100 mV s−1. From Ref. [41].

capacitive current for comparison purpose. The open-circuit potential (OCP) for all
the samples was found to be close to 0.3 V versus Ag Ref.

In Figure 4.17, it can be seen that in the range 0.3–1 V versus Ag Ref, the shape
of the CVs is purely capacitive with a rectangular shape. From this potential range
corresponding to the anion adsorption, it can be deduced that the BF4

− effective
ion size seen by the carbons is less than – or close to – 0.68 nm. Keeping in mind
the bare (0.48 nm) and solvated (1.16 nm) anion sizes, this result confirms the
partial desolvation of the anion to access pores less than 1 nm.
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The NEt4
+ cation adsorption can be seen in the 0.3/−1.3 V versus Ag Ref

potential window. For the large average pore size sample (1 nm), the shape of
the CV exhibits the typical rectangular shape from a capacitive behavior. When
the average pore size is decreased, the CVs are distorted and shift from the ideal
capacitive behavior. It is assumed to be associated with a limitation in the pore
accessibility because of a steric effect: when the pore size is decreased below a
certain value, the cation cannot freely access the pore. This is more pronounced
for the 0.68 nm pore size sample where the current continuously decreases with
the applied voltage. The transition occurs between 1 and 0.76 nm average pore
size and, accordingly, it can be deduced that the effective cation size seen by the
carbon during the cation adsorption is larger than 0.76 nm and smaller than 1
nm, thus confirming that desolvation is needed for the NEt4

+ cations to enter the
micropores.

4.6.2
Limitation of Capacitor Performance by Porosity Saturation

From the foreword, it appears clearly that the capacitance is optimized when the
average pore size of carbons is in the range 0.7–0.8 nm [30, 42]. NEt4

+ cations are
desolvated, and only the pores larger than the size of the bare NEt4

+ cation are
used; in such pores, there is obviously no size limitation for BF4

− anion storage.
At this step, it is necessary to remember that the charge storage in a two-electrode

cell is described by the formula (4.8) for two capacitors in series:

1/C = 1/C+ + 1/C (4.8)

where C is the cell capacitance and C+ and C− the respective capacitances of
the positive and negative electrodes [48]. According to this formula, the overall
capacitance C of the system is mostly influenced by the lowest value between C+ and
C−. Because the tetraethylammonium cation is larger than the tetrafluoroborate,
the cell capacitance is controlled by the capacitance of the negative electrode.

Although using carbons with pores in the optimal range – 0.7–0.8 nm – porosity
may be saturated by NEt4

+ cations before reaching the maximum possible voltage
for the considered electrolyte, for example, 2.7–2.8 V for NEt4BF4 in ACN [49].
Figure 4.18b shows the CVs of two-electrode cells built from two carbons named
PC (SDFT = 1434 m2 g−1) and VC (SDFT = 2160 m2 g−1) in ACN + 1.5 mol l−1

NEt4BF4 electrolyte. While VC shows a perfectly rectangular voltammogram in
the whole voltage range, for PC the capacitive current dramatically decreases from
around 1.5 V. According to the pore size distribution obtained from nitrogen
adsorption on these carbons (Figure 4.18a), all pores of PC are narrower than
1 nm and consequently able to optimally interact with ions. However, if one
considers the pores larger than the diameter of desolvated NEt4

+ cations (0.68 nm),
the corresponding DFT values are 198 m2 g−1 and 964 m2 g−1 for PC and VC,
respectively, considering that one layer of ions lies in micropores ranging between
0.68 and 1.36 nm (surface area Sa1) and two layers in micropores larger than 1.36
nm (surface area Sa2). From these values, the maximum theoretical charge, Qmax,
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Figure 4.18 (a) Pore size distribution of carbons PC and vinylidene carbonate (VC); the
blue region corresponds to pores accepting one Et4N+ layer and the pink one two layers,
and (b) cyclic voltammograms for the EDLCs based on PC carbon (left-hand side Y-axis for
current) and VC carbon (right-hand side Y-axis for current). Adapted from Ref. [49].

able to be accommodated in the pores has been calculated for both carbons, by
considering the projected surface area of NEt4

+ ions, and applying formula (4.9):

Qmax =
(
Sa1/2 + Sa2

)
Sion

× 1.6 × 10−19 (4.9)

Qmax has been compared to the charge determined by the integration of the
respective voltammograms, Qexp, up to a voltage of 3 V. Values of porosity
characteristics for PC and VC, together with the values of Qmax and Qexp are
reported in Table 4.3. For PC, the theoretical and experimental values are almost
identical, confirming that the narrowing of the voltammetry curve is due to porosity
saturation by NEt4

+ ions. The slightly higher value of Qexp might be interpreted
by some deformation of the ethyl chains by confinement in the pores [43], leading
to a slightly smaller apparent diameter of NEt4

+. By contrast, in the case of VC, the
theoretical value of charge is larger than the experimental one, demonstrating that
for this carbon the porosity is not saturated, at least for the maximum voltage value
reached in this experiment.
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Table 4.3 Porosity characteristics of carbons PC and VC, maximum charge calculated by ap-
plication of formula (4.9) and experimental charge obtained by integration of CVs.

Carbon SDFT
(m2 g−1)

SDFT > 0.68 nm
(m2 g−1)

Sa1
(m2 g−1)

Sa2
(m2 g−1)

Qmax
(C g−1)

Qexp

(C g−1)

PC 1434 189 105 83 61 77
VC 2160 929 768 161 246 225

Adapted from Ref. [49].
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Figure 4.19 Galvanostatic charge–discharge
curves for the EDLCs based on the
nanoporous carbon PC ((a) current density
80 mA g−1 and (b) current density 960 mA
g−1). The straight part of the discharging

line is extrapolated in order to discrimi-
nate the point of porosity saturation. This
corresponds to a voltage of about 1–2 V,
depending on the current density. From
Ref. [49].

In the galvanostatic experiments, the porosity saturation is reflected for PC
by the nonlinear shape of the ‘‘voltage–time’’ curve (Figure 4.19). This is not a
resistivity-related effect because it is observed at a low current density of 80 mA g−1

(Figure 4.19a). At 960 mA g−1, the drop of capacitive current at about 1.5–2 V
(Figure 4.19b) shows the difficulty in storing more energy by further increasing
voltage up to the electrolyte stability limits.

The carbon VC has been further applied with symmetrical tetraalkylammonium
cations, NR4

+, of increasing chain length (R = C2H5−, C3H7−, C4H9−, C5H11−).
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While tetraethyl cations show rectangular CVs with this carbon, the narrowing
typical of saturation is clearly observed with the larger cations, the trend being
a lower saturation voltage for the longest alkyl substituent [50]. The good corre-
spondence between the maximum charge calculated on the basis of a distorted
configuration of cations, Qmax, and the measured one, Qexp, suggests that cations
use a wider range of pore sizes than would be possible at their unconfined and
undistorted geometries. Three-electrode cell experiments using other ACs with
Bu4NBF4 and Et4NBF4 in PC confirmed that porosity saturation occurs at the neg-
ative electrode where the bulky tetraalkylammonium ions are electrosorbed [51].
Monte Carlo simulations of a model ionic liquid (IL) in slitlike nanopores also show
that the capacitance is almost constant for low voltages and vanishes above a certain
threshold, that is, the energy density saturates at higher operating voltages [52].

In summary, the porous texture of carbons strongly influences their properties
in ECs. With Et4NBF4, the normalized capacitance is optimal in subnanometric
pores, which also reveals that ions are partly desolvated in charged electrodes.
However, if porosity is not sufficiently developed, saturation of pores by electrolyte
ions limits the usable voltage and consequently the energy and power deliverable
by a supercapacitor. Besides, taking into account that electrochemical intercalation
is possible during charging [53, 54], the structural parameters of carbons might
also play some role.

For enhancing capacitance, nanoporous carbons should exhibit high values of
SSA (∼2000 m2 g−1) with a narrow pore size distribution between 0.7 and 1 nm.
Therefore, innovative processes should be developed for reaching these objectives.
In this context, cyclic low-temperature (200 ◦C) oxidation of carbons by H2O2,
followed by thermal desorption of the surface functional groups at 900 ◦C in an
inert atmosphere, has been suggested to gradually adjust the pore size to that of
ions [55]. Owing to the low burn-off of the overall process, the carbons form very
dense coatings and are good candidates for improving the volumetric capacitance.

4.7
Beyond the Double-Layer Capacitance in Microporous Carbons

4.7.1
Microporous Carbons in Neat Ionic Liquid Electrolyte

Taking into account the size of the solvated Et4N+ and BF4
− ions in ACN (1.30

and 1.16 nm, respectively [41]), the above-mentioned detailed data confirm that
ions must be at least partially desolvated to enter the small pores. However, it
is still unclear to what extent the remaining solvent molecules play a role in the
capacitance increase observed for these microporous carbons. To address this issue,
additional electrochemical experiments were conducted in solvent-free electrolytes:
the room temperature ionic liquids (RTILs) [56, 57]. Accordingly, the size of ions
in these electrolytes is well known and does not depend on the number of solvent
molecules. The electrochemical behavior of the CDC materials has been studied in
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an RTIL, namely the ethyl-methyl-immidazolium-trif luoro-methane-sulfonylimide
(EMI-TFSI) IL [57, 58]. This electrolyte was selected for two main reasons: the ionic
conductivity at 60 ◦C is high enough to allow electrochemical measurements at
that temperature and the sizes of the EMI cation and TFSI anion are very similar:
0.76 and 0.79 nm, respectively, in their longest dimension. Three-electrode cells
were assembled and tested in neat EMI-TFSI at 60 ◦C.

The change of gravimetric capacitance is plotted in Figure 4.20a for the cell, the
positive as well as the negative electrode. Different from what was observed in
Figure 4.14 for 1 mol l−1 Et4NBF4 in ACN, in the present case of the EMI-TFSI
electrolyte, there is no difference in the maximum observed for the positive and
negative electrodes and each capacitance passes through a maximum at an average
pore size of 0.72 nm. Figure 4.20b shows the change of normalized capacitance
(capacitance divided by the SSA of CDC) versus the carbon pore size. The same
behavior is observed and the maximum capacitance is reached for the same average
pore size (0.72 nm). This result is interesting in that when both ions have the same
size, the maximum capacitance appears at the same average pore size. But even
more interesting, this average pore size is very close to the ion size, which is the
same for both the cation and the anion (0.79 and 0.76 nm, respectively). This result
means that the pore can accommodate only one ion within the pore thickness.

In addition, the capacitance reaches 150 F g−1 for the 0.72 nm average pore
size sample. For comparison, a commercial AC used for EDLC applications (YP17
from Kuraray) gave 95 F g−1 under the same conditions. According to the data
supplied by the manufacturer, this carbon has an SSA of 1709 m2 g−1, a pore
volume of 0.877 cm3 g−1 and >55% of pore volume corresponds to pores within
the 1–1.265 nm range. Thus, it is a strong evidence of the interest in tailoring the
carbon pore size to maximize the capacitance [58].

These results rule out the way charge storage was often described in EDLC
materials, with ions adsorbed on both pore walls: carbon pore size is here in the
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Figure 4.20 (a) Capacitance (F g−1) versus average pore size for the cell (blue), positive
(red) and negative (black) electrodes in neat EMI-TFSI electrolyte. From Ref. [58]. (b) Nor-
malized capacitance (µF cm−2) versus average pore size for the cell (blue), positive (red)
and negative (black) electrodes in neat EMI-TFSI electrolyte. From Ref. [58].
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same range as the ion size and there is no space available for more than one layer
of ions. Around 0.72 nm, the pore size is perfectly adapted to the ion size and ion
adsorption is achieved in an efficient way. When the pore size is larger, the average
distance between the pore wall and the center of the ion (d) is increased and then
the capacitance for pores larger than around 0.72 nm decreases according to Eq.
(4.1). For smaller pore size, the steric effect limits the ion accessibility and the
capacitance is decreased.

This work suggests a general approach to selecting a porous electrode/electrolyte
couple in order to maximize the capacitance. Accordingly, it seems that we have
to reconsider the way the charge is stored in these subnanometer pores where no
diffuse layer can be formed, moving from the traditional Helmholtz model with
ions adsorbed on each pore wall, as presented in Figure 4.21a, to a situation where
ions can be stacked along the pore axis (Figure 4.21b).

Shim and Kim [59] have studied the capacitive behavior of CNTs in the EMI-BF4

IL electrolyte via molecular dynamics computer simulation and found interesting
features. They modeled CNTs with different diameter (pore size) and confirmed
that the distribution of ions inside the pores changes significantly with the pore
size. For small pore size (<1 nm), only counter ions (of opposite charge with
the surface charge of carbon) are adsorbed. Surprisingly, although these counter
ions have the same charge, they lead to a charge density characterized by multiple
layers with alternating signs owing to a preferential orientation inside the tubes
(Figure 4.22). For pore sizes larger than 1.1 nm, counter ions as well as co-ions (of
opposite charge) can enter the tube and that leads to the decrease in capacitance [59].

The specific capacitance of nanotubes normalized to the pore surface area
(Figure 4.23) varies as in the electrochemical experiments on CDCs: it increases
for pore size up to 0.95 nm, then decreases for larger pore size. The capacitance
increase for small pore sizes is due to the nonmonotonic change of the CNT
potential �CNT, which can be decomposed into contributions from the surface
charge (�σ s) and from the IL (�IL) (4.10):

�CNT = �σ s + �IL (4.10)

For pore sizes less than 1.1 nm, it was shown that �CNT is dominated by �IL,
whereas it is mainly governed by �σ s for larger pore sizes. In this pore range,
according to molecular dynamics results, only counterions can enter the pores.
Figure 4.24 shows the counterions aligned inside the carbon pores, denoted as the
‘‘exclusive solvation’’ phenomenon.
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Figure 4.21 Electrical double-layer charge according to the (a) Helmoltz model and (b) in
a subnanometer pore. In this example, the carbon surface is positively charged.
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Figure 4.22 Snapshots of internal RTIL ions
associated with the radial distributions inside
a positively charged CNT electrode (the sur-
face charge of CNTs is +0.80_0.94 e/nm2).
Red and blue dots represent the center-of-
mass positions of EMI− and BF4

− ions,

respectively. The numbers in the legend
denote the n values of the (n,n) armchair
CNTs considered in the present study: 6 × 6
stands for a pore size of 0.81 nm, 8 × 8 for
1.08 nm, 10 × 10 for 1.35 nm, and 15 × 15
for 2.03 nm. From Ref. [59].
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Figure 4.23 Specific capacitance of carbon
nanotubes (CNTs) versus their diameter in
EMI-BF4 at 1 bar and 350 K. Units: specific
capacitance (µF cm−2) and d0 (m). (a) The
open squares and circles represent the pos-
itively and negatively charged electrodes,

respectively, and the filled circles denote
the total specific capacitance, and (b) com-
parison of the molecular dynamics (MD)
predictions of the average specific capaci-
tance with the experimental results. From
Refs [58, 59].

Accordingly, because of their proximity to the carbon surface, the internal
counterions make a major contribution to �IL. This indicates that the alignment
of the internal counterions inside the small carbon pores play a crucial role in
increasing the capacitance.
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(a) (6,6)

(b) (6,6)

(c) (7,7)

Figure 4.24 Snapshots of the internal RTIL
ions inside the (a) positively and (b) nega-
tively charged (6,6) nanotubes with a charge
of σ = +0.55 e/nm2 (a) and σ = −0.55
e/nm2 (b); because of exclusive internal

solvation, only cations (anions) are present
inside the negative (positive) electrode. (c)
Snapshot of internal RTIL ions of the (7,7)
negatively charged electrode with a charge σ

= −0.47 e/nm2. From Ref. [59].

4.7.2
Extra Capacitance with Ionic Liquids in Solution

ILs with 1-alkyl-3-methylimidazolium cations of different lengths of alkyl chain
were used to study the effect of cation size on the capacitive response of carbons
with tailored pore size distribution. While ion sieving appears in pure ILs, this
effect is heavily mitigated for the same salts dissolved in ACN, most likely due
to somewhat stronger geometrical flexibility of dissolved ions [60], as already
suggested for Et4NBF4 [56]. Owing to this flexibility, cations can access smaller
pores and the gravimetric capacitance values are higher than with pure ILs.

CDC samples of controlled average pore size were used to study the effective ion
size of the EMI+ and TFSI− ions in ACN [58]. Figure 4.25 shows the CVs of the
various samples obtained with the CME described in Figure 4.16, using 2 mol l−1

EMI-TFSI in ACN.
The EMI+ cation adsorption occurs in the potential range below the open circuit

voltage (OCV) (0.2 to −1.2 V vs Ref). Only the CV obtained for the 0.68 nm sample
deviates from the ideal capacitive behavior; accordingly, it can be stated that the
effective ion size of the EMI+ cation is about 0.7 nm. This means that there is
no real effect of solvation on the cation size when compared to the effective size
found for the bare EMI+ cation in neat EMI-TFSI electrolyte (Figure 4.20). For
potentials higher than the open circuit potential (OCP), the slight distortion (shift
from the ideal capacitive behavior) still observed for the 0.8 nm pore size sample
tends to show that the effective size of the solvated TFSI− anion in the ACN-based
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Figure 4.25 Normalized cyclic voltammograms of CDC samples using 2 mol l−1 EMI-TFSI
in ACN; Ag reference electrode; scan rate of 100 mV s−1. Right inset: CV of the Pt micro-
electrode alone. From Ref. [58].

electrolyte is larger than 0.8 nm, whereas the size of the bare ion size was estimated
at about 0.7 nm in the neat EMI-TFSI electrolyte. Thus, the average effective size
of the solvated EMI+ ions in pores is somewhat lower than that of the TFSI− ions,
in spite the size of the bare ions being almost the same.

Below the OCP (0.2 V vs Ref) down to −1.2 V versus Ref where the EMI cation
adsorption occurs, the shape of the CV for the 1 nm average pore size CDC sample
is typical from an ideal capacitive behavior. However, when moving to the TFSI
anion adsorption (above 0.2 V vs Ref), a set of reversible peaks appears at 0.5–0.7 V
vs Ref on the CVs, responsible for the capacitance increase. In a logarithmic plot of
the peak current versus potential scan rate, the slope of 0.9 for both peaks is close
to 1, meaning that they can be attributed to a capacitive charge storage mechanism
not limited by diffusion, according to Eq. (4.11):

I = CAv (4.11)

where I is the current, C the capacitance (F m−2), A the surface area (m2), and v
the scan rate (V s−1) [4]. Such a mechanism can be associated either with a double-
layer process or a surface pseudocapacitive one. As surface pseudocapacitive redox
reactions could be excluded, in particular a redox activity of the electrolyte is not
observed on the CV of the Pt microelectrode alone (Figure 4.25, right side), the
peaks are only linked with the adsorption of the TFSI ions inside the carbon pores.

In the specific configuration where the effective ion size is in the same range
as the carbon pore size, as for the 1 nm pore size sample, the peak observed in
the charge (positive scan) could be linked with the activation energy barrier to
overcome and partially desolvate the ions and reorganize the solvent molecules
inside the pores [61]. On the reverse scan, this process is reversible and an extra
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capacitance is delivered, which is about 25–30% of the total capacitance at 10 mV
s−1. In this case, the associated reversible peaks would be linked with the additional
activation energy created by this process, different from the case of a standard ion
adsorption in larger pores.

4.7.3
Ions Trapping in Pores

In Figure 4.26 showing the CVs for the small pore size sample (0.68 nm), the
plot in the first scan corresponds to a potential scan limited to the EMI adsorption
potential range, where the rectangular shape is typical from a pure capacitive
behavior involving EMI adsorption in the double layer. When the upper potential
limit is increased to reach the TFSI anion adsorption range (above the OCV), the
current dramatically drops down on the positive scan. On the reverse scan, a huge
peak is observed at about 0.2 V versus Ref, before reaching back the EMI adsorption
capacitive current. A logarithmic plot of peak current versus potential scan rate is
presented in the inset of Figure 4.26. The slope of the plot is 0.65.

The change in the maximum current peak with the potential scan rate for a
reversible diffusion-controlled reaction is given by the Randles–Sevcik equation
[62] (Eq. (4.12)):

Ipeak = 0.4463(nF)3/2AC

(
D

RT

)1/2

× v1/2 (4.12)

where Ipeak is the maximum peak current, n the number of electrons involved, F
the Faraday constant (A s), C the concentration of the diffusing species (mol cm−3),
D the diffusion coefficient of the diffusing species (cm2 s−1), and v the potential
scan rate (V s−1). This equation applies to any charge-transfer reaction under the
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Figure 4.26 CV for the 0.68 nm average pore size sample in ACN +2 mol l−1 EMI-TFSI
electrolyte, in the −1.2 V/Ref up to 0.5 V/Ref potential range (first scan) and the −1.2
V/Ref up to 1.3 V/Ref potential range (second scan). From Ref. [58].
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diffusion control of the reactants to the electrode surface or the diffusion control of
the products leaving the electrode surface. Accordingly, it can be used to describe
a redox reaction as well as the ion transfer at an interface [58]. In the present case
of the TFSI anion adsorption inside small pores of 0.68 nm, the slope of the I
versus v plot in a logarithmic scale was found to be 0.65. This value is close to
0.5, meaning that the reaction observed with the 0.68 nm average pore size sample
seems to be under diffusion control. This small deviation from the theoretical 0.5
value can be explained by the nature of the electrode used in these experiments. By
using porous carbon as working electrode, we are not in the ideal case of a smooth,
planar electrode used in Eq. (4.12) and the geometric dispersion due to the porous
network may explain the difference observed.

The current drop at a potential higher than 0.7 V/Ref on the positive scan
demonstrates a limited accessibility of the TFSI− anions to the small 0.68 nm
pores. On the reverse scan, the huge cathodic peak occurring at 0.3 V/Ref is mainly
associated with a diffusion-controlled process. During this reverse scan, the TFSI−

anions, which were forced to enter the small pores during the positive scan, are
electrostatically forced to leave the carbon surface giving rise to the peak at ∼0.3 V
versus Ref.

A similar effect has been observed by Aurbach et al. [61]. as a consequence
of cations trapping when using 1 mol l−1 Et4NBF4 in propylene carbonate. A
capacitor constituted of microporous carbon electrodes was charged up to 2.3
V, and maintained 1000 h at this voltage (floating) at 50 ◦C. After dismounting
the capacitor, each electrode was then tested separately in a three-electrode cell
configuration. The CV recorded in the operating range of the negative electrode
shows a loss of capacitive current, C−, while that of the positive electrode is the
same before and after floating (Figure 4.27). By contrast, if the negative electrode
is polarized up to 4.2 V versus Li, one notes during the first scan a very intense
anodic peak, which is attributed to the desorption of Et4N+ cations trapped in

0.005

0.004

0.003

0.002

0.001

0

1.9 2.3 2.7 3.1 3.5 3.9 4.3
−0.001

E, V (vs Li)

I(
A

)

v = 1 mV s−1

C+, C − fresh

C − after 1000 h in a
wide potential range

C − after
1000 h

C+ after
1000 h

1st

2nd

Figure 4.27 Voltammograms (1 mV s−1) of each electrode of a symmetric cell before and
after 1000 h floating at 50 ◦C. From Ref. [61].
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the porosity during floating. The smaller capacitance of the negative electrode just
after floating might be explained either by the adsorption of the Et4N+ ions in the
narrow micropores or to their intercalation in disordered graphene clusters [63,
64]. The formation of decomposition products should also not be neglected [65, 66]

4.7.4
Intercalation/Insertion of Ions

Dilatometry measurements performed with a three-electrode configuration in
Et4NBF4/ACN have demonstrated size variations of the AC working electrode
(Figure 4.28) [53]. The largest expansion is measured at negative polarization, with,
for example, 0.6% for negative polarization of −1.35 V/ip (ip : zero charge potential)
and less than 0.2% for positive polarization of 1.15 V/ip. During a potential scan
from −2 to 2 V/ip, the expansion range is highly amplified, and reaches 3 and 2%
for negative and positive polarizations, respectively. As Et4N+ cations are bigger
than BF4

− anions, Hahn et al. [53] suggested that the differences observed between
the two electrodes are related to the insertion/intercalation of ions in the electrode
material.

Later, the same authors also compared graphitic carbons and ACs [67]. Under
negative polarization (2 V vs Li), the thickness of the AC electrode increases by
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about 1%, whereas it reaches around 10% for the graphitic carbons. At lower
potentials (<2 V vs Li), the electrode rapidly swells and the coulombic efficiency
drops. In the positive potential range (>3 V vs Li), the expansion is lower than
1% for ACs and it reaches 10% for the graphitic carbons. As the desolvated
BF4

− anions are smaller than the Et4N+ cations, the authors consider that the
former do not intercalate into ACs. Consequently, the potential of the negative
electrode is limited by cations intercalation, whereas the positive limit is associated
with the oxidation of ACN. The intercalation of Et4N+ ions has been confirmed by
in situ atomic force microscopic measurements on highly oriented pyrolytic graphite
(HOPG) electrodes in Et4NBF4/PC electrolyte [68]. These intercalation phenomena
are probably closely related to the distortion of ions in small pores [56].

4.8
Conclusions

Desolvation, distorsion, intercalation, and ion trapping may play simultaneously
during the charge of ECs in an organic electrolyte. The adsorption of ions inside
the subnanometric pores should be reconsidered moving from the conventional
Helmholtz model (Figure 4.29a) to a situation where counter ions (of opposite
charge with the surface charge of the carbon) enter the pores partially desolvated
and line up with no more than one ion within the pore thickness (Figure 4.29b).
The extra capacitance observed in some cases at low scan rate could originate from
additional effects related to intercalation.

The various effects related to the penetration of ions in the carbon structure,
together with the particular utilization conditions of supercapacitors, may limit the
operating voltage (through porosity saturation) or accelerate aging. Consequently,
understanding the relationships between the electrochemical performance of su-
percapacitors and the structure of carbons may give additional information for
optimizing these systems. For example, recent studies on SWCNT and ACs in
organic electrolyte demonstrate clearly that the capacitance increase and resistance
decrease under high polarization could be related to an electrochemical doping
(shift of the Fermi level toward the valence band or the conduction band) of the
graphene layers during charge, allowing the ‘‘butterfly’’ shape of voltamograms in
the three-electrode cell to be partly explained [23, 69]. As the electrochemical doping
strongly depends on the structure of the carbon, this feature adds to the difficulty
in interpreting the repartition of ions in micropores on charging the capacitor.

Hence, from the fundamental point of view, there is a clear lack of understanding
of the double-layer charging in the confined space of micropores, where there is
no room for formation of the Helmholtz layer and diffuse layer expected at a
solid–electrolyte interface. Computational modeling using molecular dynamics
or ab initio methods would be, for instance, of great help in addressing the ion
size in these subnanometer pores as well as solvent reorganization, one of the
keys to designing the next generation of high-energy density EDLCs that can be
used for longer discharge times, thus offering new application opportunities for
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Figure 4.29 Electrical double-layer charge according to the (a) Helmoltz model and (b) in
subnanometer pores. This example considers a carbon surface positively charged and the
penetration of counter anions.

these devices. Magnetic resonance measurements on charged electrodes might also
provide precious information on the solvation degree and on the displacements of
ions in the pores [70].
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Carbon, 44, 2498–2507.

29. Fuertes, A.B., Lota, G., Centeno, T.A.,
and Frackowiak, E. (2005) Electrochim.
Acta, 50, 2799–2805.

30. Vix-Guterl, C., E.F., Jurewicz, K., Friebe,
M., Parmentier, J., and Béguin, F. (2005)
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Pernak, J., and Béguin, F. (2009) J.
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5
Modern Theories of Carbon-Based Electrochemical Capacitors
Jingsong Huang, Rui Qiao, Guang Feng, Bobby G. Sumpter, and Vincent Meunier

5.1
Introduction

5.1.1
Carbon-Based Electrochemial Capacitors

The growing demand for fossil fuels and their adverse impact on the environment
continue to confront society with formidable energy and environmental challenges.
New technologies for electrical energy conversion and storage are needed to har-
ness sustainable and renewable energy sources and to develop electric vehicles
with low or zero CO2 emission [1]. Electrochemical capacitors, or supercapacitors,
are a rising star on the horizon of energy storage devices, and have received a great
deal of attention in recent years [2–7]. There are two classes of electrochemical
capacitors depending on the interfacial chemistry and physics [8–11]: pseudoca-
pacitors, which are based on various redox-active materials such as conducting
polymers and transition metal oxides [12–14]; and electric double-layer capacitors
(EDLCs), which can be made from various carbon materials with high surface area
[15–18]. Pseudocapacitance relies on faradic reactions on the material surfaces.
In comparison, the energy storage mechanism of EDLCs hinges on the electric
double layer (EDL) established at the electrode/electrolyte interface. EDLCs are
characterized by high-power density and exceptional cycle life, which make them
ideal for the rapid storage and release of energy.

In this chapter, we are concerned with electrochemical capacitors based on
carbon materials. The past two decades have witnessed extensive experimental
studies of various carbon materials for EDLC applications. Typical examples in-
clude activated carbons, template carbons, carbide-derived carbons (CDCs), carbon
onions, single-walled carbon nanotubes (SWCNTs) and multiwalled carbon nan-
otubes (MWCNTs), carbon nanofibers, and graphenes, among others (Figure 5.1)
[10, 11, 15–25]. The existing studies are driven by two main motivations aimed
at improving capacitance performances: to explore new materials and to probe
the underlying fundamental energy storage principles. In spite of the significant
experimental advances made in recent years, there is still an important gap in

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 5.1 Representative carbon materials
used for electrodes in EDLCs: (a) Template
carbon. Reprinted with permission from
Ref. [19]. (b) Silicon CDC. Reprinted with
permission from Ref. [20]. (c) CNT arrays.
Reprinted with permission from Ref. [22].

(d) Carbon nanofibers. Reprinted with per-
mission from Ref. [23]. (e) Carbon onions.
Reprinted with permission from Ref. [24].
(f) Chemically modified graphene (CMG)
materials. Reprinted with permission from
Ref. [25].

energy densities between EDLCs (<10 Wh kg−1) and batteries (on the order of
100 Wh kg−1). However, EDLC research has a rather short history, indicating that
capacitance performance can still be optimized from the current value. Superca-
pacitors will only compete with existing battery technology if the energy density
can be increased while preserving high-power capability.

Aside from extensive experimental work, the amount of theoretical effort devoted
to the fundamental understanding of EDLCs has also steadily increased [26–32].
Theoretical approaches range from the early Helmholtz model, to mean-field con-
tinuum models, and to modern molecular dynamics (MD) simulations. When
coupled with experimental results, theoretical studies provide an important insight
into the electrode/electrolyte interfacial behavior that is crucial for the understand-
ing of the capacitance performance of EDLCs and subsequently for its optimization.
In the following, we present an overview of the most common EDL models and
how they provide a fundamental understanding of energy storage performance in
supercapacitors.
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Figure 5.2 (a) Schematic representation of
an EDLC cell using nanoporous carbon ma-
terials. Each carbon particle contains a large
amount of pores at the nanoscopic level.
In the equivalent circuit (bottom panel),
the two electrode capacitors are connected
in series where each electrode capacitor is
denoted with a solid line segment for the
electrode and a parallel dotted line segment
for the electrolyte. The resistors account for
the electrode and electrolyte resistances and

the energy lost by ions during charge and
discharge [15]. (b) On each electrode (e.g.,
cathode), each pore in the carbon particle is
represented by an equivalent circuit with ca-
pacitors connected in parallel and with series
resistances Rn as a function of pore depth.
The pore capacitors are connected in par-
allel where each pore capacitor is denoted
with a solid line segment for the pore wall
and a parallel dotted line segment for the
counterions.

5.1.2
Elements of EDLCs

The device construction of EDLCs is similar to that of batteries (Figure 5.2a).
The electrodes are made by laminating carbon-based active materials onto current
collectors. Next, a porous membrane of paper, polymer, or glass fiber is sandwiched
between the two electrodes. The cell is then immersed into an electrolyte. Different
electrolytes can be utilized in EDLCs, with advantages and disadvantages [6, 16].
Aqueous H2SO4 or KOH electrolytes are common in EDLCs because of their higher
electrical conductivity and higher dielectric constant. Organic electrolytes, such as
tetraethylammonium tetrafluoroborate (TEA-BF4) in acetonitrile (AN) or propylene
carbonate (PC), are also widely used. Their use enables higher cell voltage up to
2.3 V compared to about 1 V for aqueous electrolytes. For aqueous and organic
electrolytes, high electrolyte concentrations are often employed in order to increase
the conductivity and to avoid electrolyte depletion problems so that the large surface
area of carbon materials can be fully utilized. Ionic liquid (IL) electrolytes can also
be used, allowing EDLCs to operate at voltages larger than 3 V. However, current
generation ILs suffer from higher viscosities and lower conductivities than aqueous
and organic electrolytes.
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Carbon materials are chosen as the active electrode materials in EDLCs be-
cause of their high electrical conductivity, high specific surface area (SSA), tunable
porosity, and relatively low production cost [8, 15, 16]. Compared to traditional
semiconductors, which have conductivities ≤10−2 S cm−1, carbon materials used
for EDLCs typically have conductivities ≥1 S cm−1. This large value is related to the
high density of electronic states at the Fermi level [15]. In spite of their high con-
ductivity, carbon materials differ from metals in terms of differential capacitance
as a function of the charging state. For typical carbons, the galvanostatic method
shows that the voltage increases linearly with applied potential; meanwhile, a cyclic
voltammetry scan indicates that the current is nearly constant, giving a rectangle-
shaped cyclic voltammogram (CV) [21, 33]. These results imply that the capacitance
of a carbon-based EDLC is nearly independent of the charging state, while that
of a metal such as mercury varies significantly with the potential [34]. However,
some carbon materials exhibit butterfly-shaped CVs with a pronounced minimum
of current near the potential of zero charge (PZC) [35, 36]. This behavior may be a
manifestation of graphite’s quantum capacitance and is discussed in detail later.

As the charge storage in EDLCs is an interfacial phenomenon, it is indispensable
to examine the surface characteristics of the electrode materials. For instance, a
close inspection of the topographic features of nanoporous carbon materials at the
nanoscopic level reveals that while the grain size of carbon particles is on the order of
micrometers, each carbon particle contains a large amount of pores with diameters
on the order of nanometers (Figure 5.2a). The pore sizes are categorized into
three regimes by IUPAC: micropores are less than 2 nm in diameter, mesopores
are 2–50 nm in diameter, and macropores are larger than 50 nm [37]. The high
SSAs of nanoporous carbons (∼1500–2600 m2 g−1) account not only for a major
contribution of the internal pore surface but also for a relatively small contribution
of the external surface area of the particles. As shown in Figure 5.2b, each pore
can be represented by an equivalent circuit with parallel-connected capacitors
and with series-connected resistances as a function of pore depth [38, 39]. For
convenience, one may denote each pore-related capacitor by a solid line segment
representing the capacitor plate formed by the pore wall and a parallel dotted line
segment representing the capacitor plate formed by the counterions (Figure 5.2b).
It is important to determine how the electrode capacitance is related to the pore
capacitance, or in other words, to establish the relation between pore capacitors in
an electrode. The figure illustrates that the pore capacitors are connected in parallel
rather than in series because all the pore walls are connected to the same electrode,
that is, they have the same potential. Therefore, for the electrode capacitance, one
only needs to consider a single pore and computing the total effect is just a matter
of summation of the surface areas for all the pores. Likewise, this relation holds
true for EDLCs that are based on carbon onions, carbon nanotubes (CNTs), or
carbon nanofibers. This consideration greatly simplifies the theoretical treatment
of carbon-based EDLCs, as an understanding of each individual pore suffices to
determine the capacitance of the whole electrode.

The relation between the capacitance of individual pores is different from that
of a complete cell where the cathode and anode capacitors are connected in series
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(Figure 5.2a). The definitions of cathode and anode are carried over from batteries,
that is, the cathode is the positive terminal and the anode is the negative terminal.
It follows that the total cell capacitance (Ctot) is given in terms of the electrode
capacitances (C+ and C−) by the usual inverse relation:

1

Ctot
= 1

C+
+ 1

C−
(5.1)

For a complete cell, the issue of symmetric versus asymmetric capacitors has to
be considered carefully. In a symmetric capacitor, the two electrodes contribute
equally to the capacitance. Often, a capacitor is said to be symmetric if the two
electrodes are made of the same carbon materials [4]. However, we should point out
that the presence of identical electrodes does not necessarily guarantee a symmetric
cell since the cations forming the EDL at the anode may have a different ionic
radius compared to that of the anions at the cathode. The variation in radii leads
to EDLs of different thicknesses and in turn to an asymmetric capacitor. Even
though the dielectric constants in the two EDLs may be close to one another, such a
difference in ionic radii may lead to a different behavior in the voltage drops across
the two EDLs. In spite of this, for simplicity, we will assume that the capacitors
made of the same electrode materials on the cathode and anode are symmetric.
With the assumption of symmetric capacitors, Eq. (5.1) becomes:

Ctot = 1

2
C+ = 1

2
C− (5.2)

Note that a two-electrode measurement gives a value of Ctot, while a three-electrode
measurement produces C+ or C− or their average value. Throughout this chapter,
we choose to examine electrode capacitance instead of cell capacitance. The
capacitance is conventionally reported in the literature as the gravimetric electrode
capacitance, which is the capacitance of one electrode normalized by the mass of
that electrode’s active materials. It is important to note that for device property
calculations, such as energy density, the gravimetric capacitance of the cell should
be used. In fact, there is a factor of 4 between the gravimetric capacitances of an
electrode and a cell due to the double weight and half capacitance of the complete
cell.

EDLCs are classified into two categories depending on the way that the counteri-
ons interact with the carbon surface [28, 29]. The first category includes endohedral
capacitors where counterions enter inside the pores to establish EDLs (Figure 5.3a).
This category broadly applies to nanoporous carbons with negative surface curva-
ture such as activated carbons, template carbons, and CDCs. The charge storage
mechanism is slightly different depending on the pore size. The second category
includes exohedral capacitors and applies to positively curved surfaces. Here, ions
reside on the outer surface of carbon particles such as carbon onions, end-capped
CNTs, and carbon nanofibers (Figure 5.3b). At the frontier between endohedral
and exohedral capacitors, graphenes are relatively new carbon materials for EDLC
electrode applications [25, 40]. Because of their zero curvature, they do not belong
to either of the above-mentioned categories and are discussed separately.
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(b)(a)

Figure 5.3 (a) An endohedral capacitor
with counterions close to the inner wall
of a negatively charged pore inside
nanoporous carbons such as activated
carbons, template carbons, or CDCs.

(b) An exohedral capacitor with counte-
rions only residing on the outer surface
of a negatively charged particle of car-
bon onions, end-capped CNTs, or carbon
nanofibers.

5.2
Classical Theories

5.2.1
Compact Layer at the Interface

The simplest model for an EDL is the Helmholtz model [41]. Its original version
assumes that the EDL at the electrolyte side consists of a compact layer of
counterions, forming the so-called Helmholtz layer, which exactly counterbalances
the surface layer of charges on the electrode (Figure 5.4a). This two-layer structure
of charges resembles that of a conventional parallel-plate capacitor and explains the
origin of the name EDL. At this level of approximation, the capacitance of the EDL
is given by

CH = εrε0A

d
(5.3)

where εr is the dielectric constant inside the EDL, ε0 the vacuum permittivity, A the
electrode surface area, and d the distance between the surface charge layer and the
counterion layer (or simply the thickness of the compact layer). The quantity εr is
dimensionless, while the units of ε0 is C2 N−1 m−2, which is equivalent to F m−1.

The rich physics of the EDLs, treated with the dramatic simplification within the
Helmholtz model, is effectively represented by the two free parameters of Eq. (5.3),
that is, εr and d. The compact layer thickness d is affected by the way counterions
are adsorbed on the electrode: if they are contact-adsorbed, that is, there is no
solvent between the ion and the electrode, d is defined as the size of a bare ion;
otherwise, d is defined primarily by the size of the solvated ion. The dielectric
constant of the compact layer, εr, is not very well understood. Given that the solvent
structure at the electrode/electrolyte interface differs significantly from that in the
bulk and the magnitude of the electric field in the compact layer often reaches
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Figure 5.4 Electric double-layer models of
planar surfaces: (a) Helmholtz model with
a compact layer of counterions separated
from the electrode surface by the double-
layer thickness d. The Helmholtz layer fully

screens the surface layer of charges on the
electrode. (b) Gouy–Chapman–Stern model
with a diffuse layer developed into the elec-
trolyte owing to the thermal motions of elec-
trolyte ions.

108 –109 V m−1, there is a consensus that the dielectric constant in the compact
layer can differ dramatically from its bulk value. Both theoretical works [42–44]
and experimental studies [45, 46] suggest that the dielectric constant of water near
charged surfaces is in the range of 5–20, which is much smaller than the value
of 78 for bulk water. The dielectric constants for organic electrolytes and ILs near
electrified surfaces have not been studied extensively, but conceivably should also
be lower than their bulk values. The original Helmholtz model was subsequently
refined to account for the specific adsorption of large anions on the electrode and
other effects. Specifically, the original compact layer has been further partitioned
into an inner Helmholtz layer and an outer Helmholtz layer [34, 47].

5.2.2
Diffuse Layer in the Electrolyte

The assumption that the electrode surface charges are completely screened by
the counterion charges in the Helmholtz layer is not always realistic. Owing to
thermal motion, some counterions spread into a ‘‘diffuse layer’’ adjacent to the
compact layer (Figure 5.4b). In other words, the EDL in reality consists of a Stern
layer (i.e., Helmholtz or compact layer) and a diffuse layer connected in series
(Figure 5.4b). This more sophisticated picture of the EDL is usually described using
the Gouy–Chapman–Stern (GCS) model [48–50].

Within the framework of the GCS model, for monovalent electrolytes, the electric
potential distribution in the diffuse layer is governed by the Poisson–Boltzmann
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(PB) equation:

∇ (
εrε0∇φ

) = 2ec∞ sinh
(
eφ/kBT

)
(5.4)

where φ is the electric potential, c∞ the bulk electrolyte concentration, e the electron
charge, kB the Boltzmann constant, and T the absolute temperature. By solving the
PB equation, the capacitance of the diffuse layer is obtained as

Cdiff = εrε0A

λD
cosh

(
eφdiff

2kBT

)
(5.5)

where φdiff is the potential drop across the diffuse layer and λD is the characteristic
Debye length which, for monovalent electrolytes, is defined as

λD =
(

εrε0kBT

2e2c∞

)1/2

(5.6)

The PB equation, Eq. (5.4), is a concise and elegant description of the diffuse
layer and was one of the milestones in the development of the EDL theory. It
should be credited to Gouy and Chapman, and for that reason, it is also termed
the GC model. However, as a mean-field theory, the PB equation suffers from the
following limitations [51]: (i) the solvent is treated as a structureless continuum
and the dielectric constant of the solvent in the diffuse layer is often taken from
that in the bulk electrolyte; (ii) electrostatic ion–ion interactions are accounted for,
but the ion–ion correlations are neglected; and (iii) counterions are approximated
as point charges without considering the finite size of ions. Because of these
limitations, one should be cautious when the PB equation is used alone in the
absence of the Stern layer. It is valid primarily in dilute electrolytes and at low
potential drop (<kBT/e ≈ 25 mV at room temperature) across the diffuse layer.
Near highly charged surfaces or in concentrated electrolytes, the PB equation used
alone may predict an unphysically high ion concentration near electrodes polarized
by voltages much greater than 25 mV. Another pitfall of using PB alone is that
the EDL capacitance is significantly overestimated because the counterions may
approach infinitely close to the electrode surface. When the GC model is used in
concert with the Stern layer (the GCS model), these problems are partially avoided.
Within the framework of the GCS model, the Stern layer holds the same physical
meaning as the Helmholtz layer, and is the closest approach of counterions to the
electrode surface. Its capacitance, CH, is parameterized by the EDL’s thickness and
dielectric constant, as shown by Eq. (5.3).

For EDLCs, relatively high electrolyte concentrations are used, which give rise
to a small Debye length according to Eq. (5.6), which in turn may lead to a rather
large capacitance for the diffuse layer according to Eq. (5.5) (>100 µF cm−2). In
comparison, the compact layer has a much smaller capacitance (on the order of
10–20 µF cm−2). As shown in Figure 5.4b, the EDL is equivalent to two capacitors
in series:

1

Cdl
= 1

CH
+ 1

Cdiff
(5.7)
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It follows that the diffuse layer contribution is negligible and the overall double-layer
capacitance is dominated by the compact layer [52]. A simple way to understand
this effect is that the effective thickness of the diffuse layer is reduced significantly
by using high electrolyte concentrations and the double-layer structure on the
electrolyte side is simplified to the Helmholtz or Stern layer (from Figure 5.4b
to 5.4a).

The GCS model can be used to compute the EDL capacitance in any geometry if
the compact layer and electrolyte properties can be explicitly determined. However,
in the past, this model was mostly applied to EDLs near planar electrodes. This is
not surprising since, until recently, pores and exohedral cylinders encountered in
practical systems were so large that their surfaces could be considered as planar.
A few studies on nonplanar surfaces were performed using this approach but
did not include the compact layer [51]. In contrast, the work reported in Ref. [52]
considers the compact layer explicitly and applies the PB equation to both slit and
cylindrical pores to study the effects of diffuse layer and pore shapes in mesoporous
carbon-based EDLCs.

5.2.3
Space Charge Layer in the Electrodes

The EDL model presented in Figure 5.4b is still too simple to accurately repre-
sent electrodes that are based on traditional semiconductors. In addition to the
Helmholtz (or Stern) layer at the interface and the diffuse layer on the electrolyte
side, a space charge layer on the electrode side can extend into the bulk of the
electrode [2, 53]. It is not necessary to consider its effects in the case of metal
electrodes since the Debye screening length is very small in metals. However, it
cannot be neglected in semiconductors. The inclusion of a space charge layer on the
electrode side leads to a situation where the electrode/electrolyte interface consists
of three capacitors in series: a space charge layer (CSC), a compact layer (CH), and a
diffuse layer (Cdiff) [53, 54]. It follows that the overall double-layer capacitance can
be expressed as a combination of three components in series:

1

Cdl
= 1

CSC
+ 1

CH
+ 1

Cdiff
(5.8)

Note that this is not an electric triple-layer structure but still an EDL in a broad
sense – one layer of charges on the electrode and another layer of counterions in
the electrolyte.

The capacitance of the space charge layer is seldom considered in the literature
for carbon-based capacitors, with the notable exception of the basal plane of graphite
[55–57]. This is quite well justified in light of the good conductivity of most carbon
materials [15]. High conductivities of carbons are associated with a high charge
carrier concentration, which may lead to a small Debye screening length of charge
carriers in carbons, similar to the effect of high electrolyte concentration. As a result,
the CSC is large and its inverse value is small, giving a negligible contribution to
the overall capacitance. In other words, the high conductivities of carbon materials
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justify a posteriori the use of the Helmholtz model for parallel-plate capacitors.
However, in the case of the basal plane of graphite, the capacitance–potential
curves exhibit a symmetrical V shape with a linear increase in capacitance on both
sides. Such a behavior was rationalized by the space charge layer in graphite in the
direction normal to the basal plane. The CSC contribution is assumed to follow the
same mathematical treatment as in the diffuse layer shown in Eqs. (5.5) and (5.6)
[55]. This behavior is further discussed in Section 5.3.3.

5.3
Recent Developments

5.3.1
Post-Helmholtz Models with Surface Curvature Effects

5.3.1.1 Models for Endohedral Capacitors
The Helmholtz model has been extensively used to describe EDLCs for decades.
However, it is essentially qualitative. Attempts to analyze experimental data in a
quantitative manner are often found to be problematic. The fundamental problem
is that while Eq. (5.3) predicts a linear C–A relationship, C–A is seldom observed to
behave that way in real systems, for example, in nanoporous carbon materials. Gen-
erally, it is observed that higher capacitances are obtained for carbons with higher
surface areas. While some experiments indicate a linear relationship between C
and A [58–61], other experiments conclude that no such linear relationship exists
[26, 61–63]. In addition, a number of experiments indicate that C is proportional to
the micropore volume [64, 65]. This long-debated question on the C–A relationship
suggests that a fundamental ingredient is missing in the classical model based on
planar surfaces.

The large SSA of nanoporous carbons originates from the internal pore surfaces.
This fact seems to be incompatible with the use of Eq. (5.3) for carbon-based
EDLCs, since the simplification of the carbon/electrolyte interface to an EDLC
fails to consider the close interactions between pore walls. More importantly, in
the simple parallel-plate capacitor model, the curvature of each pore is neglected.
Surface curvature effects are significant, as is well documented by the very strong
local surface electric fields at the end of sharp tips. It is puzzling that until recently,
the electric field enhancement factor encountered in the context of field emission
or the physics of lightning rods was ignored in the description of EDLs near curved
surfaces.

Nanoporous materials can have various pore shapes, such as cylindrical, slit, and
spherical types, depending on the synthesis approach [66, 67]. For instance, meso-
porous carbon materials obtained by template methods usually have wormhole
structures with circular cross sections (Figure 5.1a) [19, 64]. In such cases, cylin-
drical pores are generally the assumption for theoretical treatments for physical
adsorption of gases [68, 69] and impedance spectroscopy [39, 70, 71]. If the meso-
pores are assumed to be cylindrical, as shown in Figure 5.5a, solvated counterions
may enter the pores and approach the pore walls to form electric double-cylinder
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Figure 5.5 (a) A negatively charged meso-
pore with solvated cations approaching
the pore wall to form an electric double-
cylinder capacitor (EDCC) with radii b and
a for the outer and inner cylinders, re-
spectively, separated by a distance d. (b)

A negatively charged micropore of radius
b with solvated cations of radius a0 lin-
ing up along the pore axis to form an
electric wire-in-cylinder-capacitor (EWCC).
EWCC is also possible with desolvated ions
(see text).

capacitors (EDCCs) [29, 30]. The corresponding capacitance is given by

C = 2πεrε0L

ln
(
b/a

) (5.9)

where L is the pore length and b and a are the radii of the outer and inner
cylinders, respectively. It is more convenient to analyze the experimental data
using normalized capacitance with respect to the SSA:

C

A
= εrε0

b ln
[
b/

(
b − d

)] (5.10)

Equation (5.10) constitutes the starting point for a heuristic model based on two
simplifying assumptions. First, in close similitude to the Helmholtz model, the
counterions on the inner cylinder completely screen the charges on the pore
walls. This simplification is valid for high concentrations, such as those used in
practical EDLC devices [52]. Second, the space charge layer contribution to the
overall double-layer capacitance can be neglected owing to the high conductivity
of carbon materials. Therefore, the scenario of three capacitors in series indicated
by Eq. (5.8) is essentially reduced to CH only, with the important difference that
surface curvature is now explicitly taken into account.

The EDCC model can be pushed to the limit of a subnanometer radius. This
corresponds to the micropore regime. In this case, the confinement does not allow
the formation of a double cylinder inside the pore. If the micropores are assumed
to be cylindrical, as shown in Figure 5.5b, solvated (or desolvated) counterions may
enter the pores and line up along the pore axis to form electric wire-in-cylinder-
capacitors (EWCCs) [29, 30]. Although the molecular geometries of the counterions
might be anisotropic, the pore walls experience an average effect owing to the
room-temperature translation or rotation of the counterions along or with respect
to the pore axis. The average geometry is identical to that of a thin inner cylinder.



178 5 Modern Theories of Carbon-Based Electrochemical Capacitors

Unlike the case of mesopores, the radius of the inner cylinder in micropores is not
determined by the closest approach of counterions to the pore walls but rather by
the effective size of the counterions, a0. This is an intrinsic property of the ion and
is a measure of the extent of electron density around the ions. Introducing a0 into
Eq. (5.10), the equation for EWCC becomes:

C

A
= εrε0

b ln
(
b/a0

) (5.11)

In a way, EWCCs can also be viewed as EDCCs, but the key quantity for EWCCs
is no longer d but rather a0, that is, the effective size of the counterion. Note that
both d and a0 are approximately independent of pore sizes.

Equations (5.10) and (5.11) indicate that the capacitance becomes pore size
dependent because of the surface curvature effects. This means that compared to
the Helmholtz model, we no longer expect a linear C–A relationship. In order for
the C–A relationship to be linear, the pore sizes must be fixed and only the surface
areas and the capacitances must be allowed to change. This is illustrated in the case
of the experimental gravimetric electrode capacitances of template carbons obtained
in both aqueous and organic electrolytes from Ref. [64]. If all the capacitance data
points are plotted as a function of the surface area, there is no obvious linear
relationship (Figure 5.6a). However, if only the data points within a narrow pore
size range of 2.9 ± 0.2 nm are included, a linear relationship emerges (Figure 5.6b).
The fitting quality as indicated by the R2 value for the organic electrolyte is better
than that for the aqueous electrolyte, in which the EDLs are more susceptible to
include pseudocapacitive contributions. Note also that the pore size effect does not
exhaust all the factors that can distort the C–A linear relationship. One such factor
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Figure 5.6 Correlations between gravimet-
ric capacitances and SSAs of template car-
bons obtained in both aqueous and organic
electrolytes from Ref. [64]: (a) no good lin-
ear relationship exists if all data points are

included and (b) a good linear relationship
emerges if only the data points within a nar-
row pore size range of 2.9 ± 0.2 nm are
included, as indicated by R2 of the linear
fits.
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is the pore wall thickness that can affect the space charge accommodation within
the pore wall and lead to a saturation or plateau of capacitance at high surface area
on a plot of gravimetric capacitance versus SSA [35].

These curvature-based capacitance models have been demonstrated to be uni-
versal for nanoporous carbon EDLCs with diverse carbon materials in different
pore regimes, including activated carbons, template carbons, and CDCs, and with
diverse electrolytes, including organic electrolytes, aqueous H2SO4 and KOH elec-
trolytes, and even an IL electrolyte (Table 5.1) [30, 72]. As an example, we first focus
on the organic electrolyte of TEA-BF4 in AN. Figure 5.7 shows the experimental
data of CDCs [21] and template carbons [61, 64, 73] in 1.0, 1.4, and 1.5 M electrolyte
concentrations. Unlike the analysis performed in Refs. [29, 30], the subdivision of
experimental data of Ref. [64], according to their different concentrations of 1.0
and 1.4 M, is not performed. According to recent PB simulations of mesoporous
carbon-based EDLCs in an electrolyte concentration range of 0.5 to 1.6 M, the
dependence of capacitance on concentration is negligible [52]. Among the 13 data
points in Figure 5.4 of Ref. [61], 9 data points have pore size available but only 5 of
them have unimodal pore size distributions. Thus, only these five data points are
included in the present analysis. The capacitance of nanoporous carbons is usually
reduced at higher discharging current densities. However, the data in Figure 5.7
were obtained at small discharging current densities of 1 and 5 mA cm−2 or at a
small voltammetric scan rate of 2 mV s−1 [21, 61, 64, 73] and therefore are close
to their potential maximal values. Capacitances are normalized with respect to the
SSA measured by the Brunauer-Emmet-Teller (BET) method [74]. The experimen-
tal data of microporous carbons (region I) and mesoporous carbons (region III)
can be fit remarkably well by Eqs. (5.10) and (5.11), respectively.

In region III, the fit by Eq. (5.10) reproduces the experimental trend of slightly
increasing area-normalized capacitance with increasing pore size. Recent PB
simulations of double-layer capacitance of mesoporous carbons with slit-shaped
and cylindrical pores concluded that such a trend only exists in cylindrical pores
[52]. The actual overall pore shapes of most carbon mesopores are far from being
cylindrical, even though some template carbons do show circular cross sections for
the pores [19, 64]. However, the vast majority of pores can locally be approximated
by cylinders. It is therefore reasonable to approximate the pores as cylinders rather
than as slits. The dielectric constant obtained from the fit is εr = 9.73 ±1.29,
which is much smaller than the value of 36 for bulk AN at room temperature [84].
Incidentally, it has been found that the dielectric constant of an aqueous solution
decreases in EDLs and confined spaces [2, 42, 44, 45]. The fitted value for d = 9.43
± 0.69 Å is on the same order of magnitude as the calculated solvated ionic radii
of TEA+·7AN (6.5 Å) and BF4

−·9AN (5.8 Å) [85], and the Debye length of TEA-BF4

in AN (6.6 Å), estimated from impedance spectroscopy [86].
The extrapolation of the fitting curve into region IV shows that the curve

approaches asymptotically the broken line calculated by Eq. (5.3) using the same
parameters εr and d obtained in region III. This is not surprising since Eq. (5.10)
for EDCCs can be reduced to Eq. (5.3) for EDLCs using Taylor’s expansion for large
pores when d � a [29]. The asymptotic behavior indicates that curvature plays a
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Table 5.1 Fitting results for experimental data using Eqs. (5.10) and (5.11) for mesoporous
and microporous carbons, respectively.

Pores Carbons Electrolytes R2 εr d (Å) a0 (Å) Ionic radii (Å)

r+ r−

Micro CDCa TEA-
BF4/AN
(1.5 M)

0.985 2.23 (0.30)b — 2.30 (0.14)b 3.4c, 2.4d 2.3e

Meso CDCa,
template Cf

(1.0, 1.4,
and 1.5 M)

0.601 9.73 (1.29)b 9.43 (0.69)b — — —

Micro CDCg EMIM-
TFSI

0.944 1.12 (0.26)b — 2.91 (0.16)b 2.15g,h,
3.80g, i

1.45g,h,
3.85g, i

Micro CDCj,
activated Ck

H2SO4
(1 M)

0.889 27.1 (18.7)b — 0.05 (0.17)b 0.28l 2.40, 2.58m

Meso Template Cn H2SO4
(1 M)

0.328 17.4 (6.3)b 9.77 (1.92)b — — —

Micro Activated Ck KOH
(6 M)

0.921 7.76 (3.06)b — 1.64 (0.83)b 1.38o 1.33m

Meso Activated Cp KOH
(6 M)

0.618 13.4 (3.2)b 6.72 (1.03)b — — —

a Ref. [21].
b Numbers in parentheses are standard errors of fitting parameters.
c Refs. [75, 76].
d DFT calculations by the radial charge distribution of TEA+ that is confined inside a subnanometer pore with its C2

′

axis in alignment with the pore axis Refs. [29, 30].
e Refs. [75–77].
f Refs. [61, 64, 73].
g Ref. [78].
h Along the short dimension.
i Along the long dimension.
j Ref. [79].
k Ref. [80].
l Refs. [81, 82].
mRefs. [76, 77].
n Ref. [64].
o Ref. [76].
p Ref. [83].

significant role for the capacitance of mesopores, but not for that of macropores,
where the carbon/electrolyte interface can be adequately approximated by a parallel-
plate capacitor. In fact, the normalized capacitance levels off more rapidly than
the extrapolation of the fitting curve, as can be seen from the two data points in
region IV. This may be ascribed to the fact that pore size is correlated with SSA and
pore volume, which increase at the expense of pore wall thickness. The decrease
in pore wall thickness can result in a constriction for space charge accommodation
within the pore wall and in a concomitant reduction in capacitance [35]. The broken
line represents the upper bound of normalized capacitance for large pores at the
concentration of 1.0–1.5 M.
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Figure 5.7 Experimental data of CDCs and
template carbons in TEA-BF4/AN electrolytes
fit by Eq. (5.10) in region III and Eq. (5.11)
in region I; the extrapolation of the curve
in region III into region IV approaches the
broken line calculated by Eq. (5.3) using the

same parameters as obtained from region
III. •, �, and �: 1.5 M [21]; �: 1.0 M [61];
©: 1.0 and 1.4 M [64]; and �: 1.0 M [73];
filled symbols are for CDCs and empty sym-
bols for template carbons. Reprinted with
permission from Ref. [72].

For the smaller pore size in region I, especially below 1 nm, the CDC materials
exhibit an anomalous increase in area-normalized capacitance [21]. The highest
normalized capacitance in microporous CDCs is found for the 0.7 nm pore and
its value of 13.5 µF cm−2 is even higher than the upper bound of mesoporous
carbons. This was originally considered as a puzzling result since it was believed
that subnanometer pores were not accessible to electrolyte solution. This result
contradicted the long-held assumption that pores smaller than the size of solvated
electrolyte ions do not contribute to energy storage. Such anomalous behavior in
subnanometer pores poses both a challenge of rationalization and an opportunity to
improve the capacitance performance of microporous carbon supercapacitors [87].
By taking pore curvature into account using Eq. (5.11), the fit in region I reproduces
remarkably well the anomalous increase in capacitance. This constitutes a stunning
confirmation of the EWCC model. The fitted value of εr = 2.23 ± 0.30 is very close to
the vacuum value of 1, which is reasonable because the space between counterions
and pore walls is not an absolute vacuum but contains a finite electron density. It also
suggests that the solvation shell of the counterions is almost completely removed,
as suggested by Vix-Guterl et al. [64] and by Gogotsi and coworkers [21]. Desolvation
of counterions is possible not only because the solvation free energies of TEA+ and
BF4

− are only −51.2 and −45.1 kcal mol−1, respectively, but also because the van
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der Waals interactions between desolvated ions and the pore walls are strong [88].
The fitted value of a0 = 2.30 ± 0.14 Å is in a very good agreement with the radius
of about 2.3 Å for BF4

− documented in the literature [75–77] and with the ionic
radius estimated from density functional theory (DFT) calculations of the radial
charge distribution of BF4

− [29, 30]. Literature reports an ionic radius of TEA+ as
about 3.4 Å [75, 76], which does not agree with the a0 value from the curve fitting.
However, with its C2

′ axis in alignment with the pore axis, TEA+ has a smaller
radius when confined inside a subnanometer pore, which is about 2.4 Å, estimated
from the DFT calculations of the radial charge distribution of TEA+ [29, 30].

The EWCC model is also in quantitative agreement with the inter-ion distances
probed from surface charge densities. Here, we focus on the leftmost data point
in region I since it has the highest normalized capacitance of 13.5 µF cm−2 for the
pore size of 0.7 nm. At the cell voltage of 2.3 V [21], the respective electrode voltage
is 1.15 V, assuming a symmetric capacitor. According to Q = CV , the charge
density Q = 13.5 µF cm−2 × 1.15 V = 1.55 × 10−21 C Å−2. With the electron charge
of 1.602 × 10−19 C e−1, this corresponds to a point charge density of 0.0097 e Å−2.
Alternatively, each point charge occupies an area of 1/0.0097 = 103 Å2. Within
the EWCC model, ions line up in the cylinder with a pore diameter of 0.7 nm,
and therefore the inter-ion distance is 103 Å2/7π Å = 4.7 Å. This value matches
remarkably well with the ion size of BF4

− and TEA+, showing that the 0.7 nm
pores are packed with counterions at the cell voltage of 2.3 V. For this and other
data points in region I, similar calculations can be performed using the capacitance
values and voltage drops for the respective electrodes, which were obtained from
CV measurements with a third quasi-reference silver electrode [33]. Results are
tabulated in Table 5.2 for the CDCs with pore size from 0.700 to 0.806 nm, which
is the pore size range that exhibits the anomalous increase in capacitance [30]. It
is obvious that the inter-ion distance decreases with the pore size shrinking from
0.806 to 0.7 nm. In the 0.7 nm pore, the inter-ion distances are near the point of
close packing, or, in other words, the charge storage almost reaches the surface
saturation point [89, 90] at a cell voltage of 2.3 V.

Table 5.2 Inter-ion distances of TEA+ and BF4
− in subnanometer pores of CDCs calculated

from charge densities on the basis of electrode capacitances and voltages in Ref. [33].

T (◦C) Pore size
(nm)

Ctot
(µF cm−2)a

BF4
− results TEA+ results

C−
(µF cm−2)

Voltage
(V)a

Inter-ion
distance (Å)

C+
(µF cm−2)

Voltage
(V)b

Inter-ion
distance (Å)

500 0.700 13.449 16.152 0.90 5.01 11.448 1.40 4.55
600 0.738 11.056 12.277 1.05 5.36 9.992 1.25 5.53
700 0.764 9.272 9.415 1.15 6.16 9.079 1.15 6.39
800 0.806 7.618 7.467 1.20 7.06 7.774 1.10 7.40

aEstimated from the green branches of the C–V curves (see Figures 5.2a and 5.2b of Ref. [33], for example).
bEstimated from the red branches of the C–V curves.
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Figure 5.8 Experimental data for superca-
pacitors with diverse microporous and meso-
porous carbon materials in a 1 M H2SO4
electrolyte fit by Eq. (5.11) and Eq. (5.10)
in region I and II, respectively. The extrap-
olation of the curve in region II into region
III approaches the broken line calculated

by Eq. (5.3) using the same parameters as
obtained from region II. Note in region I,
the two leftmost data points are excluded
from the fit. ♦: ZrC-CDC, �: TiC-CDC, �:
activated carbon material, and ©: template
carbon material. Reprinted with permission
from Ref. [30].

Capacitances of EDLCs show similar behavior in aqueous electrolytes, such
as 1 M H2SO4 and 6 M KOH. Figure 5.8 presents the normalized capacitance
in 1 M H2SO4 as a function of pore size for microporous CDCs and activated
carbons in region I and mesoporous template carbons in region II. Similar to the
case of organic electrolytes shown in Figure 5.7, the normalized capacitances of
microporous and mesoporous carbons can be fit quite well using the EWCC and
EDCC models, respectively. The fitting results are tabulated in Table 5.1. Owing
to the difference in solvation free energies [88], a couple of notable differences
are found between aqueous and organic electrolytes. The upper-bound normalized
capacitance in 1 M H2SO4 is about 16 µF cm−2, a higher value than the largest one
found in microporous carbons (about 12 µF cm−2, Figure 5.8). It is also noteworthy
that for microporous carbons, the εr value of 27.1 ± 18.7 is much larger than
the vacuum value of 1, indicating that the counterions may still be hydrated in
micropores.

One important distinction between aqueous and organic electrolytes is the
absence of a gap between microporous and mesoporous carbons. This gap is
shown as region II in Figure 5.7. The origin of this gap region is intriguing and yet
there is not a good model for it. Experimental data for organic electrolytes in region
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II or for aqueous electrolytes that extend into pore sizes smaller than 1 nm are the
key to answer this question, but such data are lacking in the literature. However,
we found it enlightening to examine the experimental data for a series of activated
carbons shown in Figure 5.9, albeit qualitatively. These data are borrowed from
Figure 5.9 and Table 5.2 of Ref. [91]. For aqueous electrolytes of 1 M H2SO4 and 6
M KOH, starting from 1.4 nm pore size, the normalized capacitance increases with
decreasing pore size, and then decreases slightly at 0.94 nm pore size, showing
the same trend as in Figure 5.8. However, the capacitance increases sharply again
at a pore size of 0.79 nm. On the basis of the quantitative analyses presented in
Figure 5.8, it seems reasonable to extrapolate the curves into larger pore sizes
(shown by the dashed curves). Likewise, for the organic electrolyte of 1 M TEA-
BF4/AN, it is also reasonable to extrapolate the curve into smaller pore sizes. Thus,
these three capacitance curves in the entire pore size range exhibit a kink around 1
nm. As discussed before, the magnitude of the dielectric constant is an indication
of the solvation or desolvation of counterions. On the basis of the εr values for
both organic and aqueous electrolytes presented in Table 5.1, we conclude that the
counterions experience a solvation/desolvation transition in the vicinity of 1 nm.
For an organic electrolyte, the solvation/desolvation transition shows up at a larger
pore size, in agreement with the larger ionic radii of organic counterions. The data
in region II of Figure 5.7 are above the extrapolated dashed curve from region I,
implying larger εr values. Pores in this region are still too small to accommodate
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Figure 5.9 Normalized capacitance as a function of micropore size from Figure 5.9 and
Table 5.2 of Ref. [91] for a series of activated carbons in aqueous and organic electrolytes
showing the solvation/desolvation transition around 1 nm pore size as discussed in the
text.
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the inner cylinder of counterions, but solvated counterions can enter the pores to
form EWCCs, leading to a higher εr value owing to the solvation shell.

The EWCC model was also successfully applied to the IL electrolyte of
1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI).
With IL electrolytes, the counterions do not have any solvation shells because
of the absence of solvent molecules. The bare ions allow one to discern the
ion-sieving properties of porous carbon materials without the interference of
solvent molecules [92]. The fitting results are εr = 1.12 and a0 = 2.91 Å (Table 5.1).
This εr value is very close to the vacuum value, confirming the absence of solvents
in EMIM-TFSI. The a0 value compares well with the ion sizes of EMIM+ and
TFSI−. Both EMIM+ and TFSI− ions can be approximated to have a rectangular
shape with dimensions of 4.3 × 7.6 and 2.9 × 7.9 Å2, respectively [78]. The
ionic radii along the short and long dimensions are 2.15 and 3.80 Å for EMIM+,
respectively, and are 1.45 and 3.85 Å for TFSI−, respectively. It appears that the a0

value of 2.91 Å from the fit is the average value of the ionic radii along the short
and long dimensions, suggesting the quasi-free rotation of these ions inside the
pores. This is likely related to the relatively high temperature of 60 ◦C at which the
experiments were conducted.

5.3.1.2 Models for Hierarchically Porous Carbon Materials
The application of Eqs. (5.10) and (5.11) requires the analysis to be conducted
for carbons with finely tuned pores or unimodal pore size distribution. Strictly
speaking, among the materials discussed earlier, only CDCs have very narrow pore
size distributions [21]. The relatively wider pore size distributions of other carbons
may be responsible for the wide range of R2 from 0.3 to 0.9. Figure 5.10 shows
a cross section of a typical carbon particle [93]. There, the macropores serve as
ion-buffering reservoirs; the mesopores facilitate ion transport and the micropores

Micropore

Mesopore

Macropore

Figure 5.10 A cartoon of the cross section of a typical carbon particle showing macropores
as ion-buffering reservoirs, mesopores facilitating ion transport, and micropores for optimal
charge storage.
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optimize charge storage [94]. Note that most micropores are shown to have two
entrance (or exit) pathways. The theoretical work by Kaneko and coworkers [95]
established that the 1 nm wide pores are packed with electrolyte ions even when
the electrodes are not electrified. Thus, the micropores must have two entrances
in order for the electrolytes already inside to exit through one of them and for
the counterions to charge the pores through the other one, possibly under a
nonuniform electric field along the pores. For such hierarchically porous carbon
materials, the ideal approach would be to include the contributions to capacitance
from macro-, meso-, and micropores [30]. This can be done using the following
multimodal capacitance formula:

C = εr,macroε0Amacro

d
+

∑
j

εr,mesoε0Aj,meso

bj ln
[
bj/(bj − d)

] +
∑

i

εr,microε0Ai,micro

bi ln
(
bi/a0

) (5.12)

where the three terms are obtained from Eqs. (5.3), (5.10), and (5.11) for macro-,
meso-, and micropores. If different pore sizes are present in each pore regime,
the summation over the pore sizes is necessary since the capacitance is pore size
dependent, except for macropores.

In cases where macropores contribute only a small portion to the total SSA
and the pore size distributions of micropores and mesopores are narrow, yielding
bimodal pores, Eq. (5.12) reduces to

C = εr,mircoε0Amicro

bmicro ln
(
bmicro/a0

) + εr,mesoε0Ameso

bmeso ln
[
bmeso/

(
bmeso − d

)] (5.13)

or simply

C = CmicroAmicro + CmesoAmeso (5.14)

If we are interested in normalized capacitance, we can divide both sides of Eq.
(5.14) by Ameso, to yield:

C

Ameso
= Cmeso + Cmicro

Amicro

Ameso
(5.15)

Shi [26] employed Eq. (5.15) for carbons with bimodal pores, producing a linear
relationship between C/Ameso and Amicro/Ameso This method is widely used to
obtain Cmeso and Cmicro from the intercept and the slope of the linear fit of
experimental data. An alternative way to manipulate Eq. (5.14) is to divide it by
Amicro, yielding:

C

Amirco
= Cmicro + Cmeso

Ameso

Amicro
(5.16)

The analysis of Rufford et al. [27] for a series of activated carbons in 1 M H2SO4

showed that Eq. (5.16) yields results as consistent as those obtained with Eq. (5.15).
However, Gogotsi and coworkers [79] found that the use of Eq. (5.16) does not yield
a linear relationship for CDCs in the same electrolyte. Other groups also found that
the use of Eq. (5.15) leads to a negative Cmeso, which has no physical meaning and
simply points to its larger uncertainty [35, 96].
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Noticing that the total normalized capacitance with respect to the mesoporous
surface, C/Ameso, lacks physical meaning, Rufford et al. improved Shi’s model by
dividing Eq. (5.14) by the total surface area Atot [27]:

C

Atot
= Cmeso + (

Cmicro − Cmeso

) Amicro

Atot
(5.17)

C/Atot can be plotted as a function of Amicro/Atot. Cmeso is then obtained as the
intercept of the linear fit, while Cmicro is obtained from the sum of the intercept
and the slope. This improved model has been applied to the experimental data
of a series of activated carbons in 1 M H2SO4, giving comparable results and
uncertainty as the method proposed by Shi.

5.3.1.3 Models for Exohedral Capacitors
Zero-dimensional (0D) carbon onions, one-dimensional (1D) end-capped CNTs,
and carbon nanofibers are nanoscale carbon materials that constitute the general
category of exohedral EDLCs. Recently, several experiments were performed on
carbon onions [24, 97], vertically aligned CNT arrays [98, 99], and carbon nanofibers
[23], providing results that show superior rate capabilities of exohedral supercapac-
itors. General discussions in the literature on the pores of these carbon structures
refer to the voids between carbon particles. An alternative description is that coun-
terions can only reside on the outer surfaces of carbon particles, exploiting the
positive surface curvature. These carbon particles can be approximated as being
spherical or cylindrical, as shown in Figure 5.11 [28].

Solvated counterions approach the surface of an electrically charged carbon
onion particle to form an exohedral electric double-sphere capacitor (xEDSC). For
CNTs or carbon nanofibers, solvated counterions and the outer wall of the tube
or fiber form an exohedral electric double-cylinder capacitor (xEDCC). Similar to
the depiction of Figure 5.5a, the radius of the outer sphere or cylinder formed by
counterions is b and the radius of the inner sphere/cylinder formed by the carbon
surface is a, which characterizes the particle size. The difference between these two
radii is the effective double-layer thickness d. The capacitance formulae of xEDSC

xEDCCxEDSC

Figure 5.11 Steric views of a charged
0D carbon onion sphere and a 1D end-
capped CNT with electrolyte counteri-
ons (solvent molecules not shown) ap-
proaching the outer surfaces to form an

exohedral electric double-sphere capacitor
(xEDSC) and an exohedral electric double-
cylinder capacitor (xEDCC), respec-
tively. Reprinted with permission from
Ref. [28].
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and xEDCC can then be expressed as functions of a and d as follows [28]:

C

A
= εrε0

(
a + d

)
ad

(5.18)

C

A
= εrε0

a ln
[
(a + d)/a

] (5.19)

The normalized capacitance, C/A, can be plotted as a function of carbon onion
or tube/fiber radius a. The plot shows that C/A increases monotonically with
decreasing diameter, in sharp contrast to the behavior of nanoporous carbon
materials as shown in Figures 5.7 and 5.8 [28]. These different trends are ascribed
to the positive curvature of exohedral capacitors versus the negative curvature of
their endohedral counterparts. In addition, the capacitance of spheres increases
at a faster rate than that of tubes/fibers, because a sphere has locally two positive
principal Gaussian curvatures while a tube/fiber only has one (the other being zero,
along the axis). The large diameter behavior of exohedral capacitors is similar to
that of endohedral capacitors: the extrapolations of the C/A-a plots for both xEDSC
and xEDCC into the large diameter range approach asymptotically the same EDLC
line. This value is an upper bound for endohedral capacitors and a lower bound for
exohedral capacitors.

Experimental electrochemical studies on the capacitance of 0D carbon onions
with 1.5 M TEA-BF4/AN showed a trend described earlier, according to the xEDSC
model. As can be seen in Figure 5.12, the highest normalized capacitance value
is for nanodiamond soot (diamond nanocrystals coated with fullerene-like carbon
shells). The capacitance values of carbon onions decrease with increasing average
particle size, which is correlated with increasing annealing temperature from 1200,
1500, 1800, to 2000 ◦C. The carbon black has primarily outer surfaces exposed
to the electrolyte and does not have subnanometer pores on each particle. Its
average particle size is about 40 nm and the normalized capacitance of 3 µF cm−2

corroborates the predicted trend and also appears to be an asymptotic limit for the
carbon onion data. The fit using Eq. (5.18) produced the following electrochemical
parameters: R2 = 0.759, εr = 17.03 ± 4.80, and d = 9.73 ± 10.91 nm. The values
of R2 and εr are acceptable but the d value seems to be too large compared to the
dimension of organic ions and also has rather large standard errors. Nevertheless,
the unique dependence of C/A as a function of a shown in the experimental data
of carbon onions can be captured at least qualitatively by the xEDSC model.

Experimental gravimetric capacitance of 1D MWCNTs in 1.96 M TEA-BF4/PC
also exhibits a trend similar to that of the 0D carbon onions, which further supports
the role of positive surface curvature. However, the lack of SSA for these CNT
samples prevents the conversion of gravimetric capacitances into area-normalized
values. It follows that the fit of the experimental data using Eq. (5.19) cannot
be completed. Hulicova-Jurcakova et al. measured the gravimetric capacitance in
1 M H2SO4 of 1D carbon nanofibers synthesized by chemical vapor deposition.
These structures are solid and nonporous. For the two samples, C1-700-25 and
C1-500-25, the average fiber diameters can be estimated from the scanning electron
microscopic (SEM) images shown in Figure 5.4 of Ref. [23] to be 20 and 40 nm,



5.3 Recent Developments 189

2

3

4

5

6

7

8

9

10

0 2 4 6 8 10

Average particle diameter (nm)

N
or

m
al

iz
ed

 c
ap

ac
ita

nc
e 

(µ
F

 c
m

−2
)

20 30 40 50

Annealing temperature
increases from
1200 to 2000 °C

Figure 5.12 Normalized capacitance of nan-
odiamond soot (�), carbon onions (©),
and carbon black (•) as a function of av-
erage particle diameter (annealing temper-
ature shown by the arrow) with an organic

electrolyte of 1.5 M TEA-BF4/AN. The fitting
curve was obtained with Eq. (5.18), showing
a trend that capacitance increases with de-
creasing particle diameter. Reprinted with
permission from Ref. [28].

respectively. Figure 5.13 shows the normalized capacitance of these two samples as
a function of current density. In the entire current density range, the 20 nm carbon
nanofibers have higher normalized capacitance than the 40 nm ones, showing once
again a trend compatible with the predictions made from Eq. (5.19).

Compared to the upper-bound capacitance of the endohedral capacitors about 10
and 16 µF cm−2 in organic and aqueous electrodes as shown in Figures 5.7 and
5.8, respectively, the normalized capacitance values in Figures 5.12 and 5.13 are
rather low, as a result of particle agglomeration during the electrode preparation
process. This process reduces the particle surface areas measured for the powder
samples. The caveats from these theoretical analyses are that both surface area and
particle size should be measured in order to gain a deeper insight into the charge
storage mechanism of these exohedral materials. In addition, the SSA should be
measured after the electrodes are prepared so that the areas exposed to electrolytes
can be used to normalize the capacitance.

5.3.2
EDL Theories Beyond the GCS Model

Numerous alternative mathematical models for EDLs have been developed. For
instance, a number of modified PB equations have been derived to address the
limitations of the classical PB equations. Some of the limitations are related to
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the effects of finite ion size, fluctuating potentials, solvent effects, nonelectrostatic
interactions, and dielectric saturation. They have been addressed in one form or
another in a number of modified PB equations [100–106]. A detailed review of
these models is beyond the scope of this chapter and we refer those interested
to a recent comprehensive review [107]. Although these works have provided
useful insights into the structure of EDLs and have rationalized some interesting
experimental observations, quantitative prediction of EDL capacitance remains a
significant challenge.

Essentially, all of the aforementioned modified PB equations are developed
for electrolytes featuring solvents. For solvent-free electrolytes such as molten
salts and room-temperature ILs, the existing models are generally inadequate and
new theories are needed. For instance, since room-temperature ILs are promising
electrolytes for supercapacitors, models for the EDLs in ILs are of particular interest.
The first theoretical model for such EDLs was proposed by Kornyshev [108] and a
qualitatively similar model was derived by Oldham [109]. In Kornyshev’s model,
the EDL consists of an inner compact layer and an outer diffuse layer. Using a
mean-field theory approach, the differential capacitance of the diffuse layer in ILs
featuring cations and anions of the same size was determined as

Cdiff = εrε0A

λD
× cosh (u/2)

1 + 2γ sinh2
(u/2)

×
√√√√ 2γ sinh2

(u/2)

ln
[
1 + 2γ sinh2

(u/2)
] (5.20)
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where

u = eφdiff

kBT
(5.21)

γ = 2c0

cmax
(5.22)

λD is the Debye length based on the average bulk salt density c, γ (< 1) is a lattice
saturation parameter, φdiff is the potential drop across the diffuse layer, and c0 and
cmax are the average bulk concentration of cation/anion and the maximal possible
local concentration of ions, respectively. One of the key predictions of Eq. (5.20) is
that the differential capacitance as a function of electrode potential (C–V) curves of
the EDLs in ILs are bell-shaped or camel-like, in good agreement with some recent
experimental data [110].

5.3.3
Quantum Capacitance of Graphitic Carbons

Single-layer and multilayer graphene materials constitute an entirely new class of
carbon materials and have only recently been studied for EDLC applications [25,
40]. The SSA of a single graphene sheet is 1315 m2 g−1 for each side of the sheet.
This amounts to 2630 m2 g−1 if both sides of the sheet are available for charge
storage. Compared with endohedral or exohedral carbon materials, the advantage
of high SSA is especially beneficial at high electrode voltage when one side of the
sheet reaches surface saturation and the counterions can utilize the other side of
the sheet to form a double layer.

Unlike most other carbon materials, the capacitance of graphene is strongly
dependent on electrode potential. A recent experimental measurement on single-
layer and bi-layer graphene materials showed that the differential capacitance
exhibits a V shape as a function of electrode potential in the IL electrolyte of 1-butyl-
3-methylimidazolium hexafluorophosphate (BMIM-PF6) (blue curve in Figure 5.14)
[111]. In typical electrode materials, the differential capacitance is independent of
the electrode potential, yielding a rectangle-shaped C–V curve. By subtracting the
contribution from the compact layer capacitance, it was found that such a V shape
has a quantum mechanical origin (red curve in Figure 5.14) and results from the
two-dimensional free-electron gas behavior in the basal plane of graphene. The
low-energy electronic properties of graphene are characterized by the Dirac point,
which is the point where quasi-linear electronic bands meet, at the Fermi energy
[112]. The quantum capacitance has a nonzero minimum at the Dirac point and
increases linearly on both sides of the minimum with a slope that depends on the
impurity-induced carrier concentration. This behavior is similar to the previously
observed symmetrical V shaped capacitance–potential curves on the basal plane
of graphite [55–57]. Conventionally, such a behavior was rationalized by the space
charge layer contribution CSC in graphite, which is assumed to follow Eqs. (5.5) and
(5.6). However, the space charge capacitance theory developed for semiconductors
is not applicable to graphene for the following two reasons [111]: it cannot explain
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the shape of the capacitance curves and the Debye length of graphite is comparable
to the lattice dimension owing to the high charge carrier concentrations in graphite.

The manifestation of quantum capacitance is likely to be responsible for the
butterfly-shaped CV scans sometimes observed for typical carbon materials,
showing a pronounced minimum of capacitance near the PZC value, although
the slope of the capacitance–potential curves is usually much smaller than the
23 µF cm−2 V−1 predicted for an ideal graphene layer [111]. This behavior translates
into a trapezoid-shaped CV for a two-electrode device, which is narrower at the
zero voltage and becomes wider with increasing cell voltage (Figure 5.15) [36]. It is
interesting to note that, similar to Figures 5.14 and 5.15, SWCNTs are also shown
to exhibit a C–V curve with a parabolic shape that has its minimum near the PZC
in 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile (TBA-PF6/AN)
[113], or a trapezoid-shaped CV for a two-electrode device with 1 M TEA-BF4/PC
electrolyte [114]. The fact that the quantum capacitance is often absent for most
carbon materials, even including multilayer graphene [25, 40, 115–117], may be due
to structural ordering during sample preparation at elevated temperatures to form
graphitic carbons. This can be effectively monitored by examining the graphite band
intensity relative to the disorder band intensity using Raman spectroscopy [21].

5.3.4
Molecular Dynamics Simulations

Although the theoretical models discussed earlier are useful for understanding
EDLs, they have many limitations. For example, chemical details of ions and
solvent molecules such as shapes and charge distributions are difficult to be
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accounted for in these models, and dramatic simplifications such as neglecting
ion–ion correlation and dielectric constant variation in the EDL must often be made
to render the models tractable. As the EDLs in supercapacitors constitute, for the
most part, atomistic phenomena, many of these limitations can be addressed using
MD modeling. We present below an overview of EDL modeling studies based on
the type of electrolytes involved, that is, aqueous electrolytes, organic electrolytes,
and room-temperature ILs.

5.3.4.1 EDLs in Aqueous Electrolytes
The EDLs near open electrodes or in wide pores, in which the EDLs of opposing
surfaces do not interact, have been studied extensively using molecular simula-
tions. Except in a few cases [118–122], the electrodes were modeled as surfaces
with uniform charge densities. The EDL structures revealed from these studies are
generally in good agreement with the predictions of the GCS model. In fact, except
at positions within about 1 nm of electrified surfaces, the PB equation can accu-
rately predict the ion distribution under moderate electrode charge densities and
electrolyte concentrations [123]. At positions within 1 nm of the electrodes, many
factors that are not accounted for in the classical PB equation, for example, ion
hydration [118–120, 124, 125], interfacial water layering [126], finite ion size [127],
and nonelectrostatic ion–electrode interactions [128], become important. Finite ion
size and ion hydration are particularly relevant to supercapacitor applications be-
cause they can significantly affect the EDL capacitance. In particular, ion hydration
can control the closest approach of an ion to the electrode and thereby the thickness
of the Stern layer. This can be explained as follows: when an ion approaches very
close to the electrode surface, part of its solvation shell must be removed because of
geometrical confinement. If the energetic cost of this process is small, an ion can
become contact-adsorbed on the electrode and its closest approach to the electrode
will be defined by the radius of its bare ion. Otherwise, an ion’s closest approach
to the electrode will be defined primarily by the radius of the hydrated ion. MD
simulations determine that small ions such as Na+ and K+ ions cannot become
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contact-adsorbed at moderate surface charge densities (|σ | < 0.1 C m− 2) [118, 124],
although they are contact-adsorbed at very high surface charge densities (|σ | ≥ 0.1
C m− 2) [129, 130]. However, larger ions such as Cl− ions, whose hydration energies
are smaller, can become notably contact-adsorbed on electrodes even on neutral
electrodes. In addition to revealing the underlying physics not accounted for in the
classical EDL theories, MD simulations also provide a detailed understanding of
the ion packing inside the EDLs. For example, Cagle et al. [131] showed that Na+

ions are contact-adsorbed on electrodes with a surface charge density of −0.26 C
m−2, and the closest separation between these ions is 0.92 nm. As such a separation
is larger than, but comparable to, the hydrated diameter of Na+ ions (0.72 nm), the
packing of Na+ ions is approaching, but still below, the steric limit defined by their
hydrated diameters.

Much less work has been reported on the molecular modeling of EDLs in
micropores filled with aqueous electrolytes. Yang and Garde [132] reported the
selective partitioning of K+, Cs+, and Na+ ions into negatively charged cylindrical
micropores with a diameter of 6.7 Å. It was found that ions are excluded from
neutral or nearly neutral pores and that the pore displays selectivity toward
partitioning of larger cations K+ and Cs+ over that for the smaller Na+ ions in
pores with surface charge densities of −0.14 to −0.35 C m−2. These results, along
with observations of the partitioning kinetics, suggest the presence of a barrier for
partitioning cations into the small pores. The trends in partitioning kinetics are
consistent with the free energy of ion dehydration in bulk water, thus suggesting
that the observed barriers are closely related to the partial dehydration of ions as
they enter the nanopores. Feng et al. [133] studied the distribution of K+ ions in
electrified slit-shaped micropores with pore widths ranging from 9.36 Å to 14.7 Å
(Figure 5.16). It was found that, in slit pores with widths larger than or equal to
14.7 Å, the K+ ions form separate layers near each slit wall and the ion distribution
is in qualitative agreement with the classical EDL theories. However, in pores with
widths between 10 and 14.7 Å, fully hydrated K+ ions accumulate primarily in
the central plane of the slit pores (Figure 5.16a). Such an ion distribution differs
qualitatively from the prediction of classical EDL theories, and is caused primarily
by the ion hydration effects, that is, ions tend to accumulate at positions where they
can maximize interactions with their hydration water molecules (Figure 5.16b). In
9.36 Å wide slits, the partially dehydrated K+ ions also form separate layers near
each slit wall. Interestingly, it was found that the electrostatic ion–ion repulsion
plays a minor role in such a transition. Instead, the enthalpic effects associated
with the interactions between the hydration water molecules of a K+ ion with
their surrounding water molecules were found to be responsible for this behavior
[133]. Following the ion distribution shown in Figure 5.16, a sandwich capacitor
model was proposed where a layer of counterions are located exactly midway
between two slit-pore surfaces separated by a pore width of 2b. The capacitance is
given by

C

A
= εrε0

b − a0
(5.23)
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This sandwich model can predict the anomalous enhancement of capacitance
[133]. Fitting the experimental data of microporous CDCs in a pore size range of
10.6–14.5 Å in 6 M KOH electrolyte gave R2 = 0.926, εr = 3.33 ± 0.57, and a0 =
2.65 ± 0.54 Å. Compared with the results in Table 5.1 using the EWCC model, the
fitting quality as indicated by the R2 value is similar, and the εr value also implies
that the electrolyte ions are hydrated in the pore size range studied. However, the
a0 value is farther away from the literature value of K+ ion radius (1.38 Å) than the
EWCC fitting result (Table 5.1). This indicates that confinement effects (the use
of a0 explicitly) are key in a qualitative description of the capacitance behavior for
small pores (i.e., sharp increase with decreasing width). However, curvature effects
are indispensable for a quantitative description of the experimental capacitance
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values, further implying that the microporous carbons studied in the experiment
have a local pore geometry that is closer to a cylinder shape rather than a slit.

5.3.4.2 EDLs in Organic Electrolytes
Relatively little modeling work has been done for EDLs in organic electrolytes.
Feng et al. [88] studied the EDLs adjacent to effectively open electrodes in 1.2 M
TEA-BF4/AN electrolyte. Their results show that the EDLs in organic electrolytes
have several features not typically observed in aqueous electrolytes. First, TEA+ and
BF4

− ions are significantly contact-adsorbed on neutral electrodes, and alternating
layers of cations/anions penetrate about 1.1 nm into the bulk electrolyte. Second,
near the charged electrodes, a distinct counterion concentration peak forms. This
peak is followed by a distinct co-ion concentration peak (Figure 5.17a). Such an ion
distribution cannot be described by either the Helmholtz or the GCS model. This is
because the number of counterions adsorbed on the electrode exceeds the number
of electrons on the electrode, and the electrode is overscreened in parts of the EDL
(Figure 5.17b). The contact adsorption originates from the fact that van der Waals
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interactions between organic ions and the electrode are strong and the partial
desolvation of these ions occurs easily, as a result of the relatively small solvation
energy of the bulky organic ions (the solvation free energies of TEA+ and BF4

−

ions are −51.2 and −45.1 kcal mol−1, respectively). The alternating layering of
cations/anions near neutral/charged electrodes and the overscreening of electrode
charges are both caused by the strong correlation between TEA+ and BF4

− ions,
which form contact ion pairs in bulk solutions. The strong cation–anion correlation
is mainly due to the relatively weak screening of electrostatic interactions by AN
(the dielectric constant is 35.8 [134]).

Modeling work on EDLs in mesopores and micropores filled with organic
electrolytes is also scant at present. Using synchrontron X-ray diffraction and
reverse Monte Carlo simulations, Kaneko and colleagues studied the structure of
PC confined in uncharged slit-shaped carbon micropores with a width of 1.0 nm
in equilibrium with TEA-BF4 electrolytes [95]. It was found that, in the absence of
organic ions, PC molecules are randomly distributed inside the slit pore without
long-range ordering. However, in the presence of TEA+ and BF4

− ions, PC
molecules form a double-layer-like structure inside the slit to accommodate the
ions. This suggests that solvent molecules can adjust their structure to allow the
storage of organic ions inside the narrow slit in spite of the space restriction, which
contributes to the high specific capacitance of carbon nanopores. In another related
work, Pratt and colleagues [32] studied the capacitance of carbon nanotube forests
(CNTFs) immersed in a TEA-BF4/PC electrolyte. The computed single electrode
capacitance was about 80 F g−1, in good agreement with experimental data [21].
Interestingly, it was found that as the effective pore size in the CNTF shrinks
from 3.94 to 1.17 nm, the specific capacitance of the pore increases by about 10%.
Although such a moderate increase is smaller than that observed in experiments
[21], it reproduces the correct trend.

5.3.4.3 EDLs in Room-Temperature ILs
Most of the available modeling works on EDLs in ILs were performed in nanoslits
featuring planar walls [135–142]. Given that an understanding of EDLs in ILs
has only developed recently, most existing works focused on delineating the basic
structure of the EDL and the dependence of its capacitance on electrode potential.
From these studies, consensus is emerging on several aspects of the EDLs in ILs.

First, the EDL near open electrodes consists of a Helmholtz-like layer and a diffuse
layer, and ions in the EDL exhibit strong orientational ordering. Such a structure,
envisioned in earlier theoretical analysis of EDLs in ILs [108] and subsequently
confirmed in MD simulations [138, 140], is more complicated than that inferred
from earlier experimental studies [143]. Figure 5.18a,b shows the ion distributions
near positively charged electrodes in contact with 1-butyl-3-methylimidazolium
nitrate (BMIM-NO3) [140]. At a surface charge density of σ ≥ 0.03 C m−2, a distinct
layer of NO3

− ions appears near the electrode. However, Figure 5.18c shows that
the charge separation persists well beyond the first NO3

− ion layer. Figure 5.18d,e
shows that the BMIM+ and NO3

− ions in contact with the electrodes orient nearly
parallel to the electrode. In addition, their orientation becomes more random as
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the distance from the electrode increases. Both the charge separation and ion
orientation ordering penetrate about 1 nm into the bulk electrolyte, suggesting that
the diffuse layer spans about 1 nm, in good agreement with other published works
[135, 137, 141].

Second, adsorption of bulky cations on electrodes can be significant. This is
evident in Figure 5.18b. Such adsorption persists even when the electrode becomes
positively charged, and cannot be neglected at σ = 0.09 C m−2. The van der
Waals attraction between the polyatomic ion and the electrode has been found to
contribute to such persistent adsorption [140].

Third, the EDL structure change induced by the electrification of the electrode
can be dominated by small co-ions. In dilute electrolyte solutions, as the electrode
surface charge density increases, the EDL structure change is characterized by the
significant accumulation of counterions near the electrode. However, Lynden-Bell
and colleagues [137] studied dimethylimidazolium chloride (DMIM-Cl) confined
between electrified walls and found that as the electrode surface charge density
changes from 0 to −0.02 C m−2, the concentration of bulky DMIM+ ions near the
electrode changes slightly while smaller anions (Cl−) are repelled from the electrode
toward the bulk ILs. Qiao and colleagues [140] also observed a similar phenomenon
for EDLs in BMIM-NO3. As capacitance is a macroscopic manifestation of the
response of EDL structure to a charged electrode, these observations suggest that
co-ions play an important role in determining the EDL capacitance.

Finally, overscreening is a universal phenomenon. Overscreening originates
from the strong ion–ion correlation in ILs. Overscreening of electrode charge
in IL was perhaps first envisioned by Kornyshev [108], and has subsequently
been observed in molecular simulations [138]. As such a phenomenon cannot
be predicted by mean-field theories, it highlights the need for developing more
advanced theories for EDLs in ILs.

Given that research on EDLs in ILs is still at a very early stage, the current
understanding of many important phenomena remains limited. In particular, the
dependence of differential capacitance on electrode potential (i.e., C–V correlation)
is not fully understood. Experimentally, C–V curves with various shapes, for
example, concave, bell, or camel-like shapes, have all been reported [110, 143, 144].
However, the physical origins of these observations are still unclear. Fedorov and
Kornyshev [138, 139] performed simulations of model ILs consisting of charged
Lennard–Jones beads. Although the chemical details of ions were neglected to a
large extent in these models, two key aspects of ILs, that is, solvent-free and strong
ion–ion correlation were well captured. They found that the bell-shaped C–V
curves could be qualitatively reproduced in their simulations. In a more recent
study (Figure 5.19) [142], they found that if one of the ions in the IL has neutral
moieties, a double-hump camel shaped C–V curve is obtained. These results
suggest that the shape anisotropy and charge distribution on ions can play a subtle
role in determining the EDL capacitance. Qiao and colleagues [140] investigated
the EDLs in BMIM-NO3 by modeling the size, shape, and charge delocalization of
ions explicitly, and obtained an approximately concave C–V curve (Figure 5.20).
They attributed the observed C–V curve shape to the significant adsorption of
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BMIM+ ions on electrodes, and the dominant contribution of a small anion to the
response of EDL structure to a change in the electrode potential or charge [140].
The results shown in Figures 5.19 and 5.20 suggest that both the simplified model
of ILs and the models with sophisticated chemical details capture some aspects of
the EDLs observed in experiments. However, at present, the physical origins of the
differences between these results are not yet well understood. It is possible that
the potential window explored in Figure 5.20 is not large enough to observe the
decrease in capacitance since it is known that the differential capacitance of an EDL
decreases sharply when the packing of counterions reaches the steric limit, which
can occur only at large electrode potentials. More research is needed to clarify the
origins of these differences and to possibly reconcile these seemingly different
results.
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Concluding Remarks

Ever since the first patent issued in 1957 [145], EDLCs have prompted a great deal of
interest. The research in this area has slowly become a global endeavor in the past
couple of decades. The current state-of-the-art, as represented by a Ragone plot that
characterizes energy and power densities of electrical energy storage devices, has
EDLCs occupying the gap between batteries and conventional dielectric capacitors.
They have much higher energy density compared to conventional dielectric capaci-
tors, and they also feature much higher power density and longer cycle lifetime than
batteries. The ideal goal is to achieve considerably higher energy densities while
retaining high-power capabilities. To achieve this goal, various new electrolytes and
novel carbon-based materials have been investigated for EDLCs. This has intro-
duced complications to the fundamental understanding of the charge storage at the
electrode/electrolyte interface. The intricate interfacial phenomena are imposing
new challenges for fundamental science. However, these challenges also offer
new opportunities to optimize capacitance performances of EDLCs. The hope of
improving existing performance is further maintained by the much shorter history
of EDLCs compared to that of batteries. New experimental tools, the availability of
supercomputers, and theoretical developments are helping to achieve this goal.

Theoretical models range from the earliest Helmholtz model and mean-field
continuum models, to the surface-curvature-based post-Helmholtz models, and
to modern atomistic simulations. In this chapter, we have highlighted a number
of studies that not only shed considerable light on experimental findings but
also provide predictive capabilities that are needed to achieve the optimization of
capacitance. Owing to the nonplanar surfaces of carbon materials at the nanoscale,
the original Helmholtz EDLC model is gradually found to be outdated, in particular,
for carbon materials. We have found that the surface-curvature-based EDCC
and/or EWCC models provide a better description of the interface behavior of
carbon materials. These post-Helmholtz models compare remarkably well with
experimental data. In addition, MD simulations provide atomistic details such as
ion solvation, ion–ion correlations, and van der Waals interactions between pore
wall and ions or between solvent molecules.

Many real-world examples of the modern use of EDLCs for enhancing energy
efficiency in heavy duty applications are already noted: the hybrid diesel/electric
gantry cranes with fuel savings of 40% [3], the rideHybride gasoline/electric buses
in Long Beach, California, that have replaced the earlier version of e-power buses
(Figure 5.21a) [146], Siemens’ hybrid energy storage systems for rail vehicles
(Figure 5.21b) [147], emergency doors on an Airbus A380 [10], high-power energy
sources for spaceflight applications [148], among others. By coupling theory and
simulations with experiments, further improvements for the energy density prob-
lem that presently plagues the larger scale use of EDLs for energy storage can be
made possible. Thanks to the ever-increasing joint efforts from experimentalists
and theoreticians, EDLCs will likely find their own market space instead of being
dominated by only niche applications.
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(b)

(a)

Figure 5.21 (a) A rideHybride gaso-
line/electric bus in Long Beach, California.
The use of capacitors, located on the roof,
improves the emissions and offers almost
the same fuel efficiency as diesel fuel even
for the less fuel efficient gasoline engine.
Courtesy of Brynn Kernaghan and Juan Vigil
of Long Beach Transit. (b) A tram without

using a pantograph serving between Almada
and Seixal, the south of Lisbon, Portugal. It
is equipped with Sitras HES (hybrid energy
storage system) based on Ni/MH batter-
ies and EDLCs. Each vehicle saves up to
30% energy and reduces up to 80 t of CO2
emission per year. Siemens press picture
reprinted with permission from Siemens AG.
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Sauter, J.-C., Kötz, R., and Gallay, R.
(2004) Electrochem. Solid-State Lett., 7,
A33.

37. Sing, K.S.W., Everett, D.H., Haul,
R.A.W., Moscou, L., Pierotti, R.A.,
Rouquerol, J., and Siemieniewska, T.
(1985) Pure Appl. Chem., 57, 603.

38. Miller, J.R. and Simon, P. (2008)
Electrochem. Soc. Interface, 17, 31.

39. de Levie, R. (1963) Electrochim. Acta, 8,
751.

40. Zhu, Y., Stoller, M.D., Cai, W.,
Velamakanni, A., Piner, R.D.,
Chen, D., and Ruoff, R.S. (2010) ACS
Nano, 4, 1227.

41. von Helmholtz, H.L.F. (1853) Ann.
Phys. (Leipzig), 89, 211.

42. Conway, B.E., Bockris, J.O.’M., and
Ammar, I.A. (1951) Trans. Faraday
Soc., 47, 756.

43. MacDonald, J.R. and Barlow, C.A. Jr.,
(1962) J. Chem. Phys., 36, 3062.

44. Dzubiella, J. and Hansen, J.-P. (2005)
J. Phys. Chem., 122, 234706.

45. Palmer, L.S., Cunliffe, A., and Hough,
J.M. (1952) Nature, 170, 796.

46. Teschke, O. and de Souza, E.F. (1999)
Appl. Phys. Lett., 74, 1755.

47. Bard, A.J. and Faulkner, L.R. (2001)
Electrochemical Methods: Fundamentals
and Applications, 2nd edn, John Wiley
& Sons, Inc., New York.

48. Gouy, L.G. (1910) J. Phys., 9, 457.
49. Chapman, D.L. (1913) Philos. Mag., 25,

475.
50. Stern, O. (1924) Z. Elektrochem., 30,

508.
51. Lyklema, J. (1995) Fundamentals of In-

terface and Colloid Science, Solid–Liquid
Interfaces, Vol. II, Academic Press,
London, pp. 3.32–3.44.

52. Huang, J., Qiao, R., Sumpter, B.G.,
and Meunier, V. (2010) J. Mater. Res.,
25, 1469.

53. Gerischer, H. (1990) Electrochim. Acta,
35, 1677.

54. Qu, D.Y. (2002) J. Power. Sources, 109,
403.

55. Randin, J.-P. and Yeager, E. (1971)
J. Electrochem. Soc., 118, 711.

56. Randin, J.-P. and Yeager, E. (1972)
J. Electroanaly. Chem., 36, 257.

57. Randin, J.-P. and Yeager, E. (1975)
J. Electroanaly. Chem., 58, 313.
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6.1
Introduction

The performance of electrical double-layer capacitors (EDLCs) is based on the
electrostatic attraction of ions in the electrode/electrolyte interface. The most often
used electrode materials for EDLCs are activated carbons (ACs) with developed
surface area and porosity well matched with the size of the ions. The high
conductivity, the chemical stability in aqueous and organic electrolytes, the low
cost, and the different achievable forms of carbon are the main advantages for its
practical application [1–5]. However, it is well known that independent of its origin,
texture, and pore size, a carbon material is characterized by more or less constant
surface capacitance about 10 µF cm−2 [5–7]. Consequently, a limited capacitance
(100–200 F g−1, depending on the electrolytic medium) is reached using a pure
carbon material [5–22]. A great enhancement in capacitance values can be obtained
if, apart from electrostatic forces, quick faradaic reactions take place. As the
charge transferred during these faradaic processes is proportional to voltage, as in
an EDLC, this effect is called pseudocapacitance. The pseudocapacitance classically
comes into sight in such materials as conducting polymers [23–40], transition metal
oxides [41–52], carbons enriched in heteroatoms (oxygen, nitrogen) [53–61], and
nanoporous carbons with electrosorbed hydrogen [62–74]. Apart from electrode
materials, it has been shown that pseudocapacitance could be originated from
chemisorption and/or redox reactions of electrolyte species [75–79].

This chapter describes the electrode materials as well as the redox-active elec-
trolytes with a pseudocapacitive character. Taking into account that, in faradaic
processes, the diffusion is an important factor, the special role of texture of electrode
materials used for capacitors is underlined. New trends in this topic are shown
where the electrode is of hierarchical micro/mesoporous texture, very often with
nanotubes and graphene as support for pseudocapacitive materials. Considering
that the number of papers on pseudocapacitive phenomena grows enormously,
this chapter is not an exhaustive presentation of all publications, but it shows the
main trends through some examples.

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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6.2
Conducting Polymers in Supercapacitor Application

Electronically conducting polymers (ECPs) as polypyrrole (PPy), polyaniline
(PANI), polythiophene (PTh), poly[3-methylthiophene] (PMTh), or poly[3,4-
ethylenedioxythiophene] (PEDOT) can store and release charges through redox
processes associated with the π-conjugated polymer chains [23–40]. When
oxidation occurs (also referred to as p-doping), ions from the electrolyte are
transferred to the polymer backbone and, on reduction (‘‘undoping’’), they are
released back into the solution. Generally p-dopable polymers are more stable than
n-dopable ones [36, 39]. The doping/undoping process takes place throughout the
bulk of the electrodes, offering the opportunity to achieve high values of specific
capacitance. As an example, Eq. (6.1) expresses the reversible doping of PPy:

[
PPy+A−] + e− ↔ [

PPy
] + A− (6.1)

However, the insertion/deinsertion of counterions during cycling causes volumet-
ric changes of ECPs, with a progressive electrode degradation because of swelling,
breaking, and shrinkage, being the origin of a conductivity loss. Therefore, it has
been proposed to use a moderate amount of carbon materials, for example, carbon
black, carbon fibers, carbon nanotubes (CNTs), or graphene as the resilient and
surface-area-enhancing component for improving the mechanical properties of the
electrodes [23, 30–32, 35, 80–89]. Moreover, the presence of carbon in the bulk of
ECPs allows a good electronic conduction to be ensured in the electrode when the
polymer is in its insulating state.

Carbon fibers can be easily applied as a support for ECPs. For example, a
PPy/vapor-grown carbon fiber/AC composite has been produced with a 5–10 nm
chemically polymerized PPy layer [28]. High values have been reported exceeding
500 F g−1 as measured using the voltammetry method.

A great deal of research has been devoted to nanotubes as a component of
ECP composites. Generally, CNTs give an exceptional profit because of their
mesoporous, well-conducting network, and high resiliency. CNTs, independently
if multiwalled or single walled, serve as excellent support for ECPs because they
can adapt well to the volumetric changes of the electrode material during long-term
charge/discharge cycling.

Chemical and electrochemical polymerization of the suitable monomer can be
considered in order to get ECP/CNT nanocomposites. Even if the electrochemical
method gives more homogeneous deposits with better electrochemical activity, the
chemical method is concurrent because of price and facile elaboration of porous
composites. In addition, the porosity of the chemically elaborated composite is
higher, in contrast to the compact electrochemically formed ECP/CNTs. Figure 6.1
shows the scanning electron microscopy (SEM) image of a chemically produced
PANI/CNT composite with 80 wt% of PANI [30]. Films from pure PANI or other
ECPs are dense, compact, and brittle, whereas the composite material is spongy
and resilient, keeping the advantage of the nanotubes’ entangled network, which
allows the electrolyte good access to the active polymer. There is no doubt that such
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500 nm

Figure 6.1 Scanning electron micrograph showing the morphology of a polyaniline/CNT
composite material which contains 80 wt% of polyaniline [30].

a nanotexture of the composite is optimal for a fast ionic diffusion and migration in
the polymer so that the electrode performance can be greatly improved. Obviously,
the same useful effect is expected from application of graphenes possessing also a
mesoporous and flexible character.

A positive effect of nanotubes and/or graphenes in ECP composites as capacitor
electrodes was depicted by many authors [23, 27, 28, 30–35, 80–89]. Coating
by a thin layer of conducting polymer has been realized on multiwalled carbon
nanotubes (MWCNTs) [23, 27, 28, 30, 31, 33, 35, 81, 82], well-aligned MWCNTs
[32, 83–85], single-wall carbon nanotubes (SWCNTs) [80], and graphenes [86–88].
A pretreatment of the nanotubular material before ECP deposition is crucial. When
MWCNTs are oxidized, their surface is covered with oxygenated functionalities,
which play the role of an anionic dopant for the electrodeposited PPy film [82].
These films are notably less brittle and more adhesive to the electrode than those
formed using an aqueous electrolyte as a source of counterion.

The comparison of the redox performance of PPy films on aligned MWCNTs
and on flat Ti and Pt surfaces shows a noticeable improvement in the case of the
nanotubular composites owing to the high accessible surface area of the CNTs in the
form of aligned arrays [85]. The great advantage of a nanotubular array as support
for a pseudocapacitive material is schematically demonstrated in Figure 6.2.

Nanotubes play an important role in conduction paths; moreover, the regular
mesopores in such arrays allow easy ion diffusion indispensable to the doping
process. It is noteworthy to mention that aligned CNTs display one order higher
conductivity than entangled ones [90, 91]. Apart from nanotubes, some other forms
of carbon have been developed (onions, nanohorns, graphene, etc.), but owing to
their exoticism, it seems that only graphene could be a perspective and concurrent
material because of its moderately low cost and possibly superior conductivity
depending on the preparation procedure. Graphene material has already been
used for capacitor application alone or as hybrid material with nanotubes [86–88,
92–94], showing exceptional charge propagation.
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Figure 6.2 Scheme of microtexture and capacitance properties of a nanotube array coated
by a pseudocapacitive material [85].

The testing of SWCNTs as support for ECP (PPy) demonstrated that SWCNT/PPy
nanocomposites [80] in an alkaline electrolyte have very limited application because
PPy degrades quickly in such a medium. Well-documented data in an acidic
electrolyte have been presented for the MWCNT/PPy composite obtained elec-
trochemically. The capacitance value reaches about 170 F g−1 with a good cyclic
performance over 2000 cycles [35]. The high values of capacitance found with
the MWCNT/ECP composites are due to the unique property of the entangled
nanotubes, which supply a perfect three-dimensional volumetric charge distribu-
tion and a well-accessible electrode/electrolyte interface. Comparing the result of
the two coating techniques, the nonhomogeneous PPy layer deposited chemically
is more porous and less compact than electrochemically deposited; it contains
some aggregates of small particles. The chemically deposited polymer displays a
more developed surface area; the diffusion of ions proceeds easily, giving a better
efficiency for charge storage [30].

The electrochemical behavior of ECP/CNT composites has been studied either in
a two- or three-electrode cell. Various capacitance data can be found in the literature
depending on the experimental techniques and conditions selected. Obviously, for
practical supercapacitor application, only the two-electrode cell investigations give
reliable data, whereas the three-electrode cell characteristics are useful to determine
the electrochemical behavior of the electrode material. A high performance of the
electrode material in the three-electrode system does not mean a superior operation
of the real capacitor [95]. As a general rule, the thinner the layer of ECP the higher
the capacitance values, but without practical use. The optimal choice of electrode
thickness is crucial. Some detailed investigations clearly proved that the capacitance
values for the composites with ECP, for example, PANI and PPy, strongly depend
on the cell construction [30]. For chemically deposited ECP, extremely high values
of specific capacitance can be found using a three-electrode cell – from 250 to
1100 F g−1 – depending on the selected potential range, whereas smaller values of
190 F g−1 for MWCNT/PPy and 360 F g−1 for MWCNT/PANI have been measured
in a two-electrode cell. It highlights the fact that only two-electrode cells allow
the performance of the materials to be well estimated for practical application in
electrochemical capacitors.
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Figure 6.3 Specific capacitance (per mass of one electrode) versus the number of galvano-
static cycles for a symmetric two-electrode system based on a PPy/CNT composite (20 wt%
of CNT) in 1 mol l−1 H2SO4. Influence of the maximum cell voltage [30].

The applied voltage has been found to be the key factor influencing the specific
capacitance of supercapacitors based on ECP/CNT nanocomposites [30]. Figure 6.3
shows the variation in specific capacitance by cycling a PPy/CNT-based symmetric
capacitor. The cyclability of this capacitor is excellent when the maximum voltage
is fixed at 0.4 V. On cycling up to 0.6 V, the capacitance loss is 20% of the initial
value after 500 cycles, and it reaches almost 50% at 0.8 V. Hence, using the same
ECP/CNT material for both electrodes provides a poor cycling stability of the
supercapacitor if the maximum voltage exceeds some limit. Beyond this limit, one
electrode reaches a potential at which the ECP is electrochemically unstable, being
the reason for the capacity fade [30]. The impedance spectra of a supercapacitor
based on PPy/CNT composite electrodes, before galvanostatic cycling and after
500 cycles at a maximum voltage of 0.8 V, show that the resistance drastically
increases after cycling. Moreover, the semicircle at high frequency after cycling
suggests the parallel existence of a charge-transfer resistance. Hence, irreversible
redox transitions are at the origin of the high values of capacitance observed in
Figure 6.3 at high voltage (0.8 V) during the first galvanostatic cycles [30]. Generally,
the operating voltage of a symmetric capacitor based on ECP electrodes cannot
exceed 0.6–0.8 V owing to oxygen evolution at the positive electrode and switching
to an insulating state for the negative one [30].

Taking into account that ECP composites only operate reversibly in a narrow
range of potential, their optimal application requires an asymmetric configuration,
for example, selecting different types of ECPs for positive and negative electrodes
or combining them with another electrode material (AC, metal oxide, etc.). Such
a concept enables widening of the capacitor voltage, and, in turn, reaching higher
energy and power density [43–45, 96–99].

It is noteworthy that the positive effect of MWCNTs in the composite can be
more efficiently reached by a regular array of MWCNTs or SWCNTs in the form
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of the so-called forest [90]. In this case, superior performance can be obtained
owing to better conductivity and availability of the pores at the expense of cost
for the final composite. It has been proved that the conductivity of a regular
array of CNTs is significantly higher than for the entangled form. Lately, great
interest has been devoted to graphene sheets as support for ECP composites.
Taking into account the mesoporous character of all types of nanotubes as well
as graphenes, a comparable positive effect has been obtained for both materials
[86–88]. Simultaneous application of CNTs together with graphenes has been also
exploited in the composites, with pseudocapacitive properties showing exceptional
behavior [99–101]. Taking into account the economical aspect and the complex
production of such composites, they could probably find only limited practical
application.

6.3
Metal Oxide/Carbon Composites

Transition metal oxides are considered attractive materials for supercapacitors.
Among them, ruthenium oxide, RuO2, seems to be promising because of its high
capacitance, good conductivity, excellent electrochemical reversibility, high rate
capability, and long cyclability. However, the cost, lack of abundance, and toxic
character necessitate seeking alternative materials. Hence, great attention has been
devoted to manganese oxide, especially because of its environmentally friendly
character [41–52].

Porous hydrous MnO2 with pore sizes from 5 to 30 nm has been prepared
by the organic–aqueous interfacial method [50]. Interestingly, the surface area
and pore size distribution could be controlled by adjusting the reaction time and
the concentration of surfactant in the aqueous phase. MnO2 synthesized by this
method pointed out a capacitance of 261 F g−1 with good cyclic performance but
only at low charge/discharge rate, showing that pure manganese oxide cannot be
applied for capacitor application.

Nearly pure manganese oxide (λ-MnO2) has also been successfully obtained
through lithium removal from the layered structure of spinel-type LiMn2O4 with
aqueous acid [51]. After stirring the mixture for 3 h, most of the lithium ions
are removed from the tetrahedral sites, but the preserved framework of spinel is
confirmed by X-ray diffraction measurements. The final product has a very low
specific surface area of 5 m2 g−1. High values of capacitance (300 F g−1), but only
at moderate discharge current (100 mA g−1), have been measured [51].

The mechanism of lithium removal from LiMn2O4 has been studied [102–104]
and it was suggested by Feng et al. [104] that for the stoichiometric spinel mainly the
redox reaction occurs. The charge of extracted lithium ions can be compensated by
a change in valence state of the manganese ions. The dissolution of lithium oxide
and a surface disproportionation reaction of two trivalent manganese ions take
place. Mn3+ ions are soluble in the acid solution and Mn4+ remains in the lattice
forming λ-MnO2. The pseudocapacitance properties of amorphous manganese



6.3 Metal Oxide/Carbon Composites 213

oxide (a-MnO2·nH2O) are attributed to the redox exchange of protons and/or
cations with the electrolyte as follows [42]

MnOa(OH)b + nH+ + ne− ↔ MnOa−n(OH)b+n (6.2)

where MnOa(OH)b and MnOa−n(OH)b+n indicate interfacial a-MnO2·nH2O in
higher and lower oxidation states, respectively. However, owing to the high
resistivity of a-MnO2·nH2O, a conducting additive, for example, CNTs, is required
for the realization of supercapacitor electrodes. Therefore, a-MnO2 has been
precipitated on CNTs by adding Mn(OAc)2· 4H2O to a KMnO4 solution that
contained predetermined amounts of CNTs [49]. SEM observations confirmed a
template role of nanotubes in this composite with an extremely good adhesion
of the coating oxide layer. These textural characteristics are favorable at the same
time for the easy access of ions to the bulk of the active material, an improvement
in conductivity and a good resiliency of the composite electrodes. The values of
specific capacitance and cell resistance obtained with symmetric two-electrode
capacitors built with a-MnO2/CNT composite electrodes proved a drastic decrease
in cell resistance from 2000 to 4 � cm2 and an increase in specific capacitance
from 0.1 to 137 F g−1 after adding 15 wt% of nanotubes. It has been also proved
experimentally that 15 wt% CNTs is an optimal amount in the composite. On the
other hand, the application of CNTs supplied a better effect than the same amount
of carbon black, usually used as percolating agent in electrodes.

A great deal of research has been devoted to maximally develop the specific
surface area of oxides through a hierarchical structure of the composite, where the
oxide component was deposited in various forms such as nanorods, nanoflowers,
nanoflakes, and others [85, 105–112].

Manganese oxide, MnOx, in the flower-like shape deposited on a carbon nanotube
array (CNTA) is shown in Figure 6.4. Such a hierarchically porous structure
electrodeposited on CNTA displays a specific surface area of 236 m2 g−1. The high
density of this composite (1.5 cm3 g−1) allows a high volumetric capacitance of
305 F cm−3 to be reached. Owing to the hierarchical morphology of the composite
even at a high current load of 77A g−1, capacitance of 100 F g−1 has been observed.

These investigations show that only carbon/MnO2 composites with developed
specific surface area and good dispersion of oxide can bring about a profitable
solution. Another important issue is to use such composites in their stable
potential range taking into account the thermodynamical data from the Pourbaix
diagram. Generally, such composites are applied as positive electrodes in various
asymmetric configurations with ACs, conducting polymers, or other oxides (see
Chapter 8).

Apart from Ru- and Mn-based oxides, the profitable effects of CNTs as backbones
for the nanocomposite electrodes have been shown with other pseudocapacitive
oxides, for example, nickel, cobalt, vanadium, and iron oxides [84, 113].

In summary, transition metal oxides can supply attractive pseudocapacitive
properties. However, the practical exploitation of this phenomenon is still a big
challenge. The surface and bulk redox phenomena involve diffusion processes that
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Figure 6.4 Schematic representing the microstructure of the MnOx/CNTA composite and
the way of energy storage in such a composite. The SEM images show a flower-like mor-
phology of MnOx deposited on the nanostructured carbon [112].

preclude the high rate performance of these materials. In addition, a limited con-
ductivity of most oxides is at the origin of further problems, which can be overcome
by using carbon, preferentially nanotubes. Some novel ternary composites based
on two pseudocapacitive materials, that is, metal oxides and conducting polymers
together with nanotubes, have also been developed [114–116]. The specific capac-
itance of such a ternary composite, for example, PEDOT/CNTs/MnO2, can reach
over 400 F g−1 with a good charge/discharge rate, satisfactory charge retention,
and cycling stability. This combination gives a synergic effect and takes advantage
of both pseudocapacitive materials being at the origin of a new generation of
supercapacitor.

6.4
Pseudocapacitive Effect of Heteroatoms Present in the Carbon Network

A great enhancement in capacitance can also be reached by using different
types of faradaic reactions originating from the presence of oxygen and nitrogen
heteroatoms in the carbon network [53–61, 117–121]. Such pseudocapacitive effects
additionally accompany the typical electrical double-layer charging, and they can be
connected with quick faradaic reactions of suitable functional groups and also with
a local modification of the electronic structure of the doped carbon. In this case,
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the change of gap between the conduction and valence bands could manifest in a
considerable increase in capacitive ions sorption due to an increase in free electrons
[6, 74]. When using carbons enriched in heteroatoms, special attention should be
paid to an optimal selection of the doped material depending on the electrode
polarity. Some oxygenated functional groups, for example, quinone-hydroquinone
redox pair, play a significant role in the electrode of positive polarity [117–119],
preferably in an acidic medium, whereas quaternary nitrogen seems to be an
optimal functionality for the negative electrode operating in an alkaline medium.

6.4.1
Oxygen-Enriched Carbons

An attractive possibility to enhance the capacitance properties is to introduce
oxygenated functionalities in the carbon network [117–119]. Generally, there are
two ways of obtaining a highly oxygenated carbon: (i) the selection of a suitable
oxygen-rich precursor for carbonization or (ii) the carbon post treatment in a
strongly oxidative atmosphere.

Very interesting materials were obtained by one-step carbonization of a seaweed
biopolymer, for example, sodium alginate, without any further activation [117].
Although sodium alginate has a structure very close to the structure of cellulose,
its thermal behavior is completely different. While the thermal decomposition
of cellulose is completed at 400 ◦C, a noticeable weight loss associated with CO
evolution is observed for sodium alginate between 700 and 900 ◦C. Taking into
account this information, a carbon material has been prepared by pyrolysis of
sodium alginate at 600 ◦C under argon flow. The resulting material is slightly
microporous (SBET = 273 m2 g−1) and it contains a high amount of oxygen (15
at%) retained in the carbon framework. From the deconvolution of the XPS C1s

peak, the oxygenated functionalities are phenol and ether groups (C-OR; 7.1 at%),
keto and quinone groups (C=O; 3.5 at%), and carboxylic groups (COOR; 3.4
at%). Despite the low Brunauer-Emmet-Teller (BET) specific surface area of this
carbon, the capacitance in 1 mol l−1 H2SO4 medium reaches 200 F g−1, that is,
a value comparable to the best ACs available on the market. The contribution of
pseudocapacitance is clearly confirmed by the presence of cathodic and anodic
humps at around −0.1 and 0.0 V versus Hg/Hg2SO4, respectively, on the cyclic
voltammograms in the three-electrode cell [117]. For ACs, peaks at such positions
are traditionally assessed for electrochemical reactions of oxygenated surface
functionalities such as the quinone/hydroquinone pair [122]. Pyrone-like structures
(combinations of non-neighboring carbonyl and ether oxygen atoms at the edge of
the graphene layers) can also effectively accept two protons and two electrons in
the same electrochemical potential range as the quinone/hydroquinone pair [123].
Consequently, in the carbon obtained from sodium alginate, the high value of
capacitance is related to the charge-transfer reactions on the quinone, phenol, and
ether groups [117]. Moreover, this weakly porous material has a high density and
a high electrical conductivity, which allow a volumetric capacitance higher than
any AC to be exhibited, and the capacitors to be charged at high regime without
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requiring any conductivity additive in the electrodes. Further research has been
performed on the carbon from a pure seaweed precursor [118]. Special types of
seaweeds, after carbonization, showed interesting capacitance properties. Some
additional performance improvement was obtained by incorporating CNTs in the
seaweeds before the thermal treatment [124].

6.4.2
Nitrogen-Enriched Carbons

Nitrogen is the next heteroatom considered as the main dopant in the carbon
network. A part of N can be substituted to carbon (‘‘lattice nitrogen’’), and the
other can be included in the form of functional groups (‘‘chemical nitrogen’’) at
the periphery of polyaromatic structural units, as shown in Figure 6.5.

Nitrogen-enriched carbons can be obtained by ammoxidation of nanoporous
carbons [121] or by carbonization of nitrogen-rich polymers followed by steam
activation [53, 54]. However, since one of the reactions involved in these procedures
occurs in oxidative conditions, oxygen is also incorporated together with nitrogen
in the carbon network. Consequently, it is difficult to assess completely the
measured values of capacitance to the unique contribution of the nitrogenated
functionality. Nevertheless, a correlation has been found between capacitance and
the nitrogen content for a unique series of nitrogen-enriched carbons prepared by
carbonization of polyacrylonitrile (PAN) or pitch/PAN and pitch/polyvinylpyridine
blends, followed by steam activation (Figure 6.6). These samples with comparable
porous characteristics (SBET ≈ 800 m2 g−1) showed a capacitance in aqueous
medium proportional to the N content, whereas it was almost constant in an
organic electrolyte [7, 53]. Such dependence proves the important role of protons
for pseudocapacitive effects.

The extrapolation of the curves to N% = 0 in an aqueous electrolyte gives
a capacitance of 75–100 F g−1. Taking into account the average BET specific
surface area of 800 m2 g−1 for all materials, it gives a surface capacitance of
9.4–12.5 µF cm−2, in the range typically found when only the double layer is
charged [5, 6]. The enhancement in capacitance with the nitrogen content in
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Figure 6.5 Nitrogenated functional groups in the carbon network (a) pyridinic (N-6); (b)
pyrrolic; (c) pyridonic (N-5); (d) quaternary (N-Q); and (e) oxidized nitrogen (N-X).
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Figure 6.6 Capacitance values versus nitrogen content of N-enriched carbons in 1 mol l−1
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Figure 6.7 Scheme of a possible redox reaction with pyridinic nitrogen.

H2SO4 medium is interpreted by pseudo-faradaic reactions due to the nitrogenated
functionality, such as those illustrated in Eqs. (6.3) and (6.4) [53, 61] and by the
scheme in Figure 6.7:

C∗ = NH + 2e− + 2H+ ↔ C*H–NH2 (6.3)

C∗ –NHOH + 2e− + 2H+ ↔ C*–NH2 + H2O (6.4)

where C* stands for the carbon network.
Self-standing C/C composite electrodes presenting pseudocapacitive properties

and high electrical conductivity have been obtained by one-step pyrolysis of
CNT/PAN blends at 700 ◦C [125]. It is important to underline that the composite
electrodes have been prepared without the activation process. The specific surface
area of PAN carbonized at 700 ◦C is negligible (SBET = 6 m2 g−1), whereas the
C/C pellets formed by pyrolysis of a CNT/PAN (30/70 wt%) blend at 700 ◦C have
a more developed porosity (SBET = 157 m2 g−1, VDR = 0.067 cm3 g−1, Vmeso

= 0.117 cm3 g−1). The appearance of mesopores in the C/C composite is due to
the templating effect of CNTs. It has been suggested that during the thermal
decomposition of PAN, the layer that adheres to the nanotubes shrinks, leaving
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pores that reflect directly the nanotexture of the pristine nanotubular framework
[125]. The nitrogen content measured on this composite by XPS is 7.3 at%.

Two electrode cells built from such C/C composite pellets in 1 mol l−1 H2SO4

show boxlike voltammograms up to high scan rates, for example, 100 mV s−1,
that indicate a quick dynamics of charge propagation with this kind of composite.
The capacitance determined for the C/C composite obtained from the CNT/PAN
(30/70 wt%) blend at 700 ◦C is in the order of 100 F g−1, whereas under the same
conditions the capacitance value is 18 F g−1 for pristine CNTs and negligible for
carbonized PAN. As the C/C composite has a BET specific surface area (157
m2 g−1) lower than the pristine nanotubes (220 m2 g−1), the main contribution
to capacitance is due to pseudo-faradaic charge-transfer reactions. According to
the XPS data, it may be assumed that pyridinic nitrogen, which is the dominant
contribution, may play a prominent role in the pseudo-faradaic properties. The next
noticeable fact, which is attributable to the presence of CNTs, is the low value of
equivalent series resistance RS measured by impedance spectroscopy, that is, below
0.7 � cm2. The capacitance dependence versus current load shown in Figure 6.8
confirms that the C/C composite can be charged/discharged in 1 mol l−1 H2SO4 at
an extremely high regime. The capacitance drop at low values of current is typical
for a dominant charge-transfer process. The striking fact is that, after this drop,
the capacitance remains quite stable, whereas typical pseudocapacitive materials
without a CNT percolator usually demonstrate a continuous drop on the whole
range of current load.

The remarkable capacitive behavior of this kind of composite is due to a synergy
between CNTs and the nitrogenated functionality of carbonized PAN. Mesopores
are created during the pyrolysis of PAN through a templating effect of the
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Figure 6.8 Capacitance versus current load for the C/C composite obtained by one-step
pyrolysis of a CNT/PAN (30/70 wt%) blend at 700 ◦C [125].
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nanotube framework, and the presence of nanotubes as three-dimensional support
enhances considerably the electrical conductivity of the composites, allowing
high charge/discharge rates to be reached while involving a pseudocapacitive
contribution. Obviously, such a good percolation effect could not be reached with
the traditional carbon black generally used for the manufacture of electrodes.

The beneficial effect of nitrogen in composites with an incorporated nanotubular
backbone has been also clearly demonstrated [61] using melamine as the nitrogen-
rich (45 wt%) carbon precursor. The carbon composites have been obtained by
polymerization of melamine with formaldehyde (without any catalyst) in the pres-
ence of a controlled amount of MWCNTs. The polymerized blend was carbonized
at 750 ◦C for 1 h under nitrogen flow. The final carbonization products were named
M + F (composite from melamine and formaldehyde without CNTs), Nt + M +
F (composite with CNTs, melamine and formaldehyde), Nt + 2M + F (a similar
composite with twofold melamine proportion in the blend), Nt + 3M + F (threefold
melamine proportion). The results of elemental analysis showed that the nitrogen
content in the final product varies from 7.4 to 21.7 wt%. The oxygen content was
calculated by the difference and its amount is comparable in all the samples varying
from 5.9 to 7.8 wt%.

The nitrogen adsorption/desorption isotherms (Figure 6.9) show that the carbon
materials are typically mesoporous (apart from M + F, that is, without nanotubes),
and the amount of micropores is very moderate. The BET specific surface area
ranges from 329 to 403 m2 g−1, being the most developed for the Nt + 3M +
F composite. The porosity characteristics of all the composites are illustrated in
Table 6.1 and correlated with their capacitance properties.
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Figure 6.9 Nitrogen adsorption/desorption isotherms at 77 K for the nitrogenated compos-
ites [61].
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Table 6.1 Physicochemical and electrochemical characteristics of the nitrogen-rich nanocom-
posites. C stands for the capacitance estimated at 5 A g−1 current load, that is, 50 mA cm−2.
Two-electrode cell in 1 mol l−1 H2SO4.

Sample SBET
(m2 g−1)

V total
(cm3 g−1)

Vmicro
(cm3 g−1)

C
(F g−1)

Nitrogen
(wt%)

M + F 329 0.162 0.152 4 21.7
Nt + 3M + F 403 0.291 0.174 100 14.0
Nt + 2M + F 393 0.321 0.167 126 11.7
Nt + M + F 381 0.424 0.156 83 7.4

The voltammetry characteristics at a potential scan rate of 10 mV s−1 for all
the composites in 1 mol l−1 H2SO4 illustrate a mirrorlike behavior typical for an
ideal capacitor. Only the M + F composite without nanotubes presents definitively
worse characteristics, most probably because of a higher resistance. The best
value of capacitance determined from the galvanostatic discharge is observed for
the Nt + 2M + F composite (126 F g−1 at 5 A g−1 current load). Surely, the
nitrogen presence has a profitable effect on the capacitance values by modifying
the electronic properties as well as wettability. However, an excess of nitrogen
(presumably over 15%) definitively aggravates the conducting properties, and, in
turn, the capacitance characteristics and supercapacitor cyclability. Pyridinic and
quaternary groups seem to play the most important role in the electrochemical
behavior; however, their participation in capacitance is different depending not
only on the electrode polarity but also on the type of electrolyte.

Figure 6.10 shows that the ability for charge accumulation diminishes with the
increase in current load, but the Nt + 2M + F sample is still able to supply a
capacitance of 60 F g−1 at an extremely high current density of 50 A g−1. The
high charge propagation of this composite should be explained by an exceptional
electronic transport in CNTs, which are still preserved after the carbonization
process.

Apart from the acidic electrolyte, attention has been also devoted to 6 mol l−1

KOH, 1 mol l−1 Na2SO4, and the organic electrolyte – 1 mol l−1 tetraethylam-
monium tetrafluoroborate (TEABF4) in acetonitrile (ACN). Figure 6.11 shows the
voltammetry characteristics of the Nt + M + F composite at 10 mV s−1 in these
electrolytic solutions. The best performance (101 F g−1) is observed in an acidic
solution, slightly exceeding the alkaline one (92 F g−1). As expected, in an organic
solution and in neutral aqueous Na2SO4, the capacitance values are relatively low
because of the absence of pseudo-faradaic reactions in these media; only the EDL
capacitance contributes. The low specific surface area of the electrode material (393
m2 g−1) explains the low values of capacitance (35 and 26 F g−1 in organic and
neutral aqueous media, respectively).

The trials have been undertaken to correlate the N content in carbons with
the electron density states from molecular quantum calculation. The energy
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Figure 6.11 Voltammetry characteristics at 10 mV s−1 for the Nt + M + F nitrogen-
enriched composite using various aqueous electrolytic solutions and organic medium [74].

gap between conduction and valence bands affected by nitrogen content was
qualitatively correlated with the conductivity and capacitance properties of the
composite [74].

Some authors have focused on differently prepared nitrogenated carbons using
N-rich precursors. With melamine polymerized in mica [58] followed by ammonia
treatment [60], the highest capacitance values (280 F ml−1) have been obtained in
KOH medium, whereas values of 152 F ml−1 were measured in sulfuric acid. A
very high capacitance (340 F g−1) has been reached using templated carbons from
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acrylonitrile pyrolysis in NaY zeolite [120]. This high value results from the synergy
between the highly developed surface area of the material and the pseudo-faradaic
reactions related to the presence of the nitrogenated functionalities. Another
approach is based on the nitrogen plasma treatment of graphene; the authors
reported high capacitance values on the order of 280 F g−1 (four times higher than
that for the pristine graphene) [57].

6.5
Nanoporous Carbons with Electrosorbed Hydrogen

Pseudocapacitance properties can also be observed with nanoporous carbons
through the reversible electrosorption of hydrogen in aqueous medium. In that
case, during the negative polarization of an electrode, water is reduced and nascent
hydrogen is sorbed in the material; the sorbed hydrogen is desorbed by anodic
oxidation [62–74].

The results proved that the hydrogen sorption/desorption process in a carbon
electrode can proceed at high current loads, leading to an interesting application for
the negative electrode of electrochemical capacitors. It is noteworthy that the pure
double-layer charging takes place in a short timescale of micro- to milliseconds,
while hydrogen pseudocapacitance would need a slightly longer time because of
the diffusion limitation typical of faradaic reactions.

Electrosorption of hydrogen can be performed on ACs in the form of cloth or
powder. The most important parameters of the carbon material for H storage are
ultramicroporosity, mesopore fraction, surface functionality, conductivity, number
of defects, and so on. The investigations performed on carbons with a controlled
hierarchical micro/mesoporosity [65, 67, 68, 71, 72] have shown that hydrogen
capacity can be definitely increased.

Figure 6.12 presents voltammetry curves that have been obtained with a micro-
porous activated carbon cloth (ACC) electrode in 6 mol l−1 KOH [126]. The various
loops have been recorded with a stepwise shift of negative potential cutoff. For
electrode potentials higher than the thermodynamic value corresponding to water
decomposition (theoretically −0.924 V versus Hg/HgO, in 6 mol l−1 KOH), the
boxlike shape of the curves confirms the reversible charging of the electrical double
layer. The increase in negative current, which is observed from the third loop,
that is, when the potential cutoff is lower than the equilibrium potential, is proof
that the faradaic water decomposition starts to gradually take place according to
Eq. (6.5):

H2O + e− → H + OH− (6.5)

The nascent hydrogen formed in Eq. (6.5) is partly fixed on the nanopore’s surface
as in Eq. (6.6):

〈C〉 + xH → 〈
CHx

〉
(6.6)
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Figure 6.12 Voltammetry cycling of a carbon electrode (AC) in 6 mol l−1 KOH at 5 mV s−1

scan rate with a gradual shift to negative values of potential [126].

whereas another part may recombine to form H2 molecules. Equation (6.7)
summarizes the overall process:

〈C〉 + xH2O + x e− ↔ 〈
CHx

〉 + xOH− (6.7)

where 〈C〉 and 〈CHx〉 stand for the nanotextured carbon substrate and for hydrogen
inserted into this substrate, respectively. As a consequence, during the anodic
scan, the positive current recorded above the equilibrium potential increases, being
related with the electrooxidation of hydrogen trapped in AC. During the oxidation
step, Eq. (6.7) runs in the opposite direction.

When the negative potential cutoff decreases, the positive current due to hydro-
gen oxidation increases and the corresponding hump shifts toward more positive
potential values (Figure 6.12). The high overpotential required for hydrogen oxida-
tion reveals either strong hydrogen trapping in the carbon material or important
diffusion limitations.

Taking into account that the electrochemical hydrogen trapping takes place
essentially in ultramicropores (i.e., pores smaller than 0.7–0.8 nm) [62–66], and
that tortuous voids may slow down the desorption process from these pores, one
easily understands the improved tendency to reversibility at low scan rate.

A careful analysis of the voltammetry curves at various scan rates supplies
information on the reversibility but also assumption of weak 〈C〉H bonding.
Weak chemical bonding of hydrogen has been confirmed by thermoprogrammed
desorption (TPD) analyses on AC samples obtained after a galvanostatic charge
during 15 min or 12 h at −500 mA g−1 in 6 mol l−1 KOH. In order to avoid a
discarded hydrogen desorption, the samples were not rinsed with water after the
electrochemical charging. As a consequence, they both present a peak above 400 ◦C,
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Figure 6.13 TPD analysis of hydrogen evolved from a microporous activated carbon
cloth (ACC) charged at −500 mA g−1 in 6 mol l−1 KOH during (a) 12 h and (b) 15 min.
Adapted from Ref. [66].

which is due to the reaction of excess KOH with carbon, according to Eq. (6.8):

6KOH + 2C → 2K + 3H2 + 2K2CO3 (6.8)

It is the only peak observed for the sample charged 15 min at – 500 mA g−1.
Within this limited time, the Nernst potential for water reduction is not reached,
and only the electrical double layer is charged. By contrast, when charging is
prolonged during 12 h, an additional peak appears in the TPD curve around 200 ◦C
(Figure 6.13). This peak location confirms the weak chemical bonding of hydrogen
with the carbon surface. Hence, it is likely that the major fraction of nascent
hydrogen produced during water electroreduction reacts with the active sites of
carbon – being energetically trapped – instead of being purely physisorbed on the
surface.

As a consequence of the chemical type of hydrogen bonding with the carbon
surface, it was shown that the electrochemical properties depend on temperature.
The voltammetry curves (Figure 6.14) on the ACC recorded at different temper-
atures from 20 to 60 ◦C show that the amplitude of the reduction and oxidation
peak increases with temperature (i.e., the amount of reversibly sorbed hydrogen
increases), while the polarization between the two peaks decreases.

Similar information is given by the galvanostatic charge/discharge curves (Figure
6.15). As the cell temperature increases, the value of the potential reached during the
charging step is less negative because of a reduced polarization by enhancement
of the ionic conductivity of the solution. When temperature is raised to 60 ◦C,
one can see a better defined discharge plateau and a shift of oxidation potential
from about −0.5 to −0.7 V versus NHE (see the shift of the derivative curve
maximum – inset in Figure 6.15). This shift indicates that the temperature increase
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reduces the kinetic barrier and facilitates the hydrogen extraction (oxidation) from
the micropores. However, the most interesting observation from the curves is a
noticeable increase in the amount of reversibly stored hydrogen, confirming that
hydrogen electrosorption in nanoporous carbons is activated by temperature [66].

As hydrogen is stabilized in the carbon substrate by weak chemical bonds,
the self-discharge is not important [66, 68]. On the other hand, the voltage (and
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consequently the energy density) of a cell using AC as the negative electrode in
aqueous solution will be enhanced by operating at higher values of temperature.
Therefore, hydrogen electrosorption on nanoporous carbon electrodes in aqueous
medium is very interesting for the construction of asymmetric capacitors, which
associate a negative carbon electrode storing hydrogen and a positive electrode in
the form of a carbon or a composite based on MnO2 or a conducting polymer
[43–45]. Such electrochemical capacitors in the aqueous medium can operate with
a good cycle life at voltage values as high as 1.6 V (Chapter 8). Recently, it has
been demonstrated that even better performance (1.6–2.0 V) can be reached with
symmetrical AC/AC capacitors using alkali sulfates as electrolyte [127–129]. Taking
into account the high conductivity of the positive carbon electrode compared to
any MnO2-based composite, this new concept represents a great advantage for
high-power applications.

6.6
Electrolytic Solutions – a Source of Faradaic Reactions

The enhancement of capacitance by pseudocapacitive properties can be also realized
by the application of redox-active electrolytes instead of using the electrode material
as a source of redox reactions. In this case, the electrolyte is the main source
of capacitance because of various oxidation states of the electrolytic species, for
example, iodine, bromine, and hydroxyquinones [75–79, 130]. Taking into account
that the faradaic reactions proceed at the electrode/electrolyte interface, the carbon
must be suitably selected.

An exceptional electrochemical behavior of the carbon/iodide interface has been
demonstrated and successfully used in supercapacitor application [75, 76]. This
efficient charge storage is based on the specific sorption of iodide ions as well
as the stable reversible redox reactions connected with various possible oxidation
states of iodine from −1 to +5. The iodide ions play a useful dual role, that is,
electrolytic solution with a good ionic conductivity as well as a source of faradaic
reactions, that is, pseudocapacitive effects. It is important to note that the domain
of iodide ions in the Pourbaix diagram is moderately stable in the range of
water stability with a possibility of various oxidation states depending on potential
and pH.

The 1 mol l−1 KI solution used in the experiments is neutral, with a pH close to
7. In such a case, the following reactions, especially from Eqs. (6.9) to (6.11), could
be considered as a source of pseudo-faradaic effects.

3I−1 ↔ I3
−1 + 2e− (6.9)

2I−1 ↔ I2 + 2e− (6.10)

2I3
−1 ↔ 3I2 + 2e− (6.11)

I2 + 6H2O ↔ 2IO3
−1 + 12H+ + 10 e− (6.12)
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Iodine, even though it exists as a solid and/or volatile element, easily dissolves in
iodide solution forming the I3

− complex. The potential range measured experimen-
tally in the capacitor by voltammetry and galvanostatic techniques (Figures 6.16 and
6.17) matches well with the thermodynamic values of the reactions presented ear-
lier [75]. From both characteristics, it is seen that this striking effect of iodide ions
is observed for the positive electrode operating in a narrow range of potential and
giving extremely high capacitance values exceeding 1840 F g−1 (estimated from the
integrated area of the voltammetry curve). As opposed to typical pseudocapacitive
effects from electrode materials, for example, oxides, which are often characterized
by some diffusion limitations and observed only at moderate regimes, this two-
electrode system can be loaded up to 50 A g−1 supplying still 125 F g−1. For the
first time, such an innovative electrochemical concept could be successfully used
for supercapacitor performance.

Obviously, a long cyclic durability is a crucial problem for supercapacitor ap-
plication. Extraordinary capacitance values of the carbon/iodide interface have
been proved during long-term cycling at a high current density of 1000 mA g−1.
Amazingly, the cyclability is greatly affected by the type of metallic collector used
for cycling tests. In the case of gold collectors, a moderate decrease in capacitance
(less than 20%) after 10 000 cycles was observed, whereas in the case of stainless
steel, some anomalous increase occurs from 235 F g−1 during the first cycles up
to 300 F g−1 after 10 000 cycles. As the stainless steel current collectors are not
corroded, this capacitance increase cannot be explained by a development of the
surface area of the electrode/electrolyte interface. In fact, a mutual shift of the
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operating potentials has been proved experimentally for both electrodes (through
additional potential measurements after cycling) and might explain this profitable
effect. The negative electrode with lower capacitance values operates in a more
narrow range, while the operating potential range of the positive electrode, with
extremely high capacitance values, is extended to the negative direction. This
anomalous phenomenon needs some further clarification; for instance, a gradual
oxidation of the carbon material by iodine during long-term cycling could be also
considered.

The application of this novel carbon/iodide electrochemical system is original
and represents a significant breakthrough in supercapacitor development. This
bifunctional iodide electrolyte, which ensures ionic conductivity and supplies
pseudocapacitive effects, has great advantages because it is inert, neutral, and
environmentally friendly. It gives an additional benefit concerning the choice of
the current collectors. Different metallic foils can be considered for this target but
obviously stainless steel is the most suitable candidate. However, it is necessary
to stress that this system is not yet fully optimized. Indeed, even though striking
values – 10 times exceeding typical capacitance values – are observed for the positive
electrode, unfortunately the total capacitance of the electrochemical capacitor is the
outcome of the two electrodes, determined by the electrode revealing the lowest
capacitance, i.e., the negative one.

Apart from iodides, interesting properties have been obtained when bromides are
applied as electrolyte [77], serving also as a source for pseudocapacitive phenomena.
However, it is worth pointing out that among all halides, the iodide ions are the
most environmentally friendly. In addition, because of its rich variety of oxidation
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states, iodine is probably the unique halide able to demonstrate the most exceptional
performance.

In order to circumvent the disadvantage of low capacitance of the negative elec-
trode in the halide-based systems, a new concept using two different electrolytes
acting as conjugated redox couples has been developed [130]. Basically, the halide
electrolyte is kept for the positive electrode and another redox pair operates on the
negative side. Owing to the excellent redox activity of vanadium-based aqueous
electrolytes, these species were selected as tentative candidates for pseudocapaci-
tance source at the negative electrode. The wide variety of electrochemical reactions
with several transferred electrons are presented in the following equations.

VOH2+ + H+ + e− ↔ V2+ + H2O (6.13)
[
H2V10O28

]4− + 54H+ + 30e− ↔ 10V2+ + 28H2O (6.14)
[
H2V10O28

]4− + 44H+ + 20e− ↔ 10VOH2+ + 18H2O (6.15)

HV2O7
3− + 9H+ + 6e− ↔ 2VO + 5H2O (6.16)

In the literature, a high activity of vanadium-based species is reported mainly
in acidic solutions, which severely restrict their commercialization because of the
prohibitive price of corrosion-resistant current collectors (such as gold or platinum).
For this reason, neutral (pH 7) aqueous electrolytes were applied; according to the
pragmatic rule, ‘‘supercapacitor will see the growth only when their cost falls.’’
Drawing on the experience of pure iodide-based electrolyte and considerable redox
activity of vanadium-based systems, 1 mol l−1 potassium iodide (KI) has been
applied as electrolyte for the positive electrode and 1 mol 1−1 vanadyl sulfate
(VOSO4) solution for the negative one (Figures 6.18–6.20). Both electrolytes act
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in iodide/vanadium conjugated redox couples as electrolyte solutions [130].
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as conjugated redox couples with AC electrodes of BET specific surface area
about 2520 m2 g−1. In some cases, because of their exceptional mesoporosity and
conductivity, nanotubes (10 wt%, NT10) have been added to the AC to improve
the electrodes performance (Figure 6.19). The two electrodes of the capacitor are
soaked in the appropriate electrolytes and separated by a glass fiber paper and a
Nafion 117 membrane, to avoid mixing of the electroactive electrolytic species.
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Comparable results were obtained by three different electrochemical techniques
such as constant current charging/discharging (Figure 6.18), cyclic voltammetry
(Figure 6.19) and electrochemical impedance spectroscopy (EIS). The irregular
shape of the galvanostatic charge/discharge dependence and well-defined humps
on the voltammetry curves, especially at slow scan rates, are the best proof of
pseudocapacitive phenomena. The useful effect of nanotubes (10%) for enhancing
capacitance is well visible on the voltammetry characteristics in Figure 6.19;
it underlines the crucial importance of mesopores in the development of the
interface between the redox species for both polarities of the system.

The difference in cycling performance depending on the kind of separator
(Whatman paper or Nafion 117 membrane) is shown in Figure 6.20. Superior
capacitance values as well as cycling stability is observed in the case of the proton
exchange membrane, which allows only the ionic transport of protons but protects
from a mutual mixing of both redox couple solutions (Figure 6.20).

In summary, great pseudocapacitance values (from 300 to 1000 F g−1 depending
on the current load) are obtained using ACs with two different electrolytic solutions
separated by a Nafion membrane. The selected redox-active electrolytes, that is,
1 mol l−1 potassium iodide (KI) and 1 mol l−1 vanadyl sulfate (VOSO4) aqueous
solutions, allow reaching a high energy density of the system, about 20 Wh kg−1,
with a maximum power density of 2 kW kg−1 (calculated on the basis of the total
mass of both electrodes).

A few papers describe also the profitable effect of hydroquinone dissolved in the
electrolytic solution, being the source of pseudocapacitance effects [78, 79]. The
application of such a redox-active couple presents a new attractive trend in capacitor
development to increase the energy of this device.

6.7
Conclusions – Profits and Disadvantages of Pseudocapacitive Effects

Nanostructured carbons with a developed surface area are fundamental materials
for enlarging the electrode/electrolyte interface in supercapacitors. However, the
capacitance of electrodes can be noticeably enhanced by an additional contribution
related to quick faradaic reactions, referred to as pseudocapacitance. Pseudoca-
pacitive materials such as conducting polymers (ECPs), transition metal oxides,
nitrogenated or oxygenated functionalities incorporated in the carbon framework,
and electrosorbed hydrogen have been briefly described in this chapter. Apart from
pseudocapacitive electrode materials, another source of pseudocapacitance origi-
nated from aqueous electrolytic solutions (based on halides, dihydroxybenzenes,
vanadium species) has also been presented.

It has been demonstrated that the electrochemical performance of conducting
polymers and/or transition metal oxides can be improved by the realization of
composites with a carbon material, preferably in the nanostructured form, for
example, MWCNTs, SWCNTs, or graphenes, acting as a perfect support for such
pseudocapacitive materials. Owing to the synergy between the high electronic
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conductivity of the graphitic type layers and the fast diffusion of ions to the
bulk of the active material through mesopores, the electrical series resistance of
the capacitor drastically diminishes. In the case of conducting polymer (ECP)
composites, the potential range in which the polymer operates in the doped state
is essentially quite narrow; hence, for an extension of the operating voltage range,
an asymmetric configuration with two different ECPs is more profitable than a
symmetric one.

Taking into account the mechanism involving the surface as well as the bulk of
metal oxides, the diffusion of protons accompanying the charge transfer must be
ensured by the presence of mesopores. However, even if high capacitance values
can be reached from thin oxide layers, a significant aggravation of performance is
observed for thicker layers used in practice. Taking into account that, apart from
ruthenium oxide, other oxides present a low conductivity, well-distributed carbon in
the composite is indispensable. In both composites, that is, ECPs and oxides, using
highly resilient nanotubes as an electrode component allows the capacitors to be
charged/discharged over a large number of cycles without mechanical degradation
of the active phase, especially when the suitable combination of materials and
range of operating voltage are selected.

The next group of pseudocapacitive materials are carbons enriched in het-
eroatoms (nitrogen, oxygen) able to give faradaic reactions through particular
functionalities such as the quinone/hydroquinone pair. The exceptional conducting
and mechanical properties of MWCNTs again play a useful role. The advantageous
effect of nitrogen functionalities (pyridinic, quaternary groups) is connected both
with faradaic reactions and a significant modification of the electronic density of
states. In addition, a suitable amount of nitrogen without any conductivity aggrava-
tion is not only able to enhance the capacitance but also to improve the wettability
of electrodes in aqueous medium. An exceptionally good dynamics of charge prop-
agation was obtained for a composite from melamine precursor with optimal N
content, but only in the acidic and alkaline medium. Neutral and organic solutions
are not adapted as electrolyte for nitrogenated carbons because of the lack of protons.

Interesting materials, with a dominant contribution of pseudocapacitance based
on oxygenated functionalities, can be obtained by one-step carbonization of a sea-
weed biopolymer, for example, sodium alginate. Although only slightly developed,
the porosity of these materials is sufficient for a good access of ions to the func-
tionality being at the origin of the pseudo-faradaic charge-transfer reactions. As a
consequence of its limited porosity, the carbon from alginate has a volumetric ca-
pacitance that is at least twice higher than the usual nanoporous carbons proposed
for supercapacitors.

In summary, composites where nanotubes are homogeneously dispersed in
an active phase with pseudocapacitive properties, for example, carbons doped by
heteroatoms, ECPs and oxides represent an interesting breakthrough for developing
a new generation of supercapacitors.

Reversible hydrogen sorption is another possibility for introducing an additional
pseudocapacitive contribution during charging/discharging a nanoporous carbon
electrode in aqueous medium. Hydrogen storage based on a weak chemical bonding
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during charging, that is, negative polarization, and its oxidation during the positive
polarization step is an additional interesting source of capacitance for the negative
electrode of a supercapacitor and allows the operating voltage to be extended.

It is necessary to underline that an asymmetric construction of a capacitor
using two different pseudocapacitive electrodes is generally more effective than
a symmetric one. In the case of pseudo-faradaic charge-transfer processes, the
potential of each electrode must be controlled in order to avoid irreversible reactions.
This is the reason symmetric capacitors based on pseudocapacitive materials cannot
operate with a high voltage. High voltage values were reached in aqueous medium
using an asymmetric configuration, with two different materials working in their
optimal potential range for each electrode, for example, a nanoporous carbon at
the negative electrode and conducting polymers or oxides at the positive electrode.
Therefore, developing asymmetric supercapacitors with two different materials for
the negative and positive electrodes should supply high-energy and high-power
devices owing to the great extension of the operating voltage. For the development
of low-cost and environment-friendly systems, this is certainly a research direction
that should be extensively investigated in the future.

A novel concept of a supercapacitor with a redox-active electrolyte has been
presented. Iodine, vanadium, and hydroxyquinone electroactive species have been
considered separately or as two coupled redox pairs. Especially, in the case of two
redox couples, the separation of both electrolytes is fundamental.

In conclusion, this chapter demonstrates that pseudocapacitive materials can
drastically enhance the energy of supercapacitors. For that, a wide variety of
composites has been revealed. It has been proved that the presence of small
mesopores is a key factor in preserving a quick diffusion of redox species. However,
keeping in mind that industrial systems require the highest volumetric energy,
the amount of mesopores must be adjusted as low as possible in order to keep
electrodes with the highest density. Finally, since protons are mainly required for
an efficient exploitation of pseudocapacitance, the aqueous medium should be
more carefully considered by the industry for capacitor construction. It is the most
environment-friendly medium and, because of its good electrical conductivity, it is
also the most appropriate for high-power devices.
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Linares-Solano, A., Morallón, E., and
Cazorla-Amorós, D. (2008) Carbon, 46,
1053.

70. Fang, B., Zhou, H., and Honma, I.
(2006) J. Phys. Chem. B, 110, 4875.

71. Fang, B., Kim, J.H., Kim, M., and Yu,
J.S. (2008) Langmuir, 24, 12068.

72. Babel, K. and Jurewicz, K. (2008)
Carbon, 46, 1948.

73. Conway, B.E. and Tilak, B.V. (2002)
Electrochim. Acta, 47, 3571.

74. Lota, G., Fic, K., and Frackowiak,
E. (2011) Energy Environ. Sci., 4,
1592–1605.

75. Lota, G. and Frackowiak, E. (2009) Elec-
trochem. Commun., 11, 87–90.

76. Lota, G., Fic, K., and Frackowiak,
E. (2011) Electrochem. Commun., 12,
38–41.

77. Yamazaki, S., Ito, T., Yamagata,
M., and Ishikawa, M. Elec-
trochim. Acta, http://dx.
doi.org/10.1016/j.electacta.2012.01.031,
article in press.

78. Roldan, S., Blanco, C., Granda, M.,
Menendez, R., and Santamaria, R.
(2011) Angew. Chem., 123, 1737–1739.



236 6 Electrode Materials with Pseudocapacitive Properties

79. Roldan, S., Granda, M., Menendez, R.,
Santamaria, R., and Blanco, C. (2011) J.
Phys. Chem., 115, 17606–17611.

80. An, K.H., Jeon, K.K., Heo, J.K., Lim,
S.C., Bae, D.J., and Lee, Y.H. (2002) J.
Electrochem. Soc., 149, A1058–A1062.

81. Lota, K., Khomenko, V., and
Frackowiak, E. (2004) J. Phys. Chem.
Solids, 65, 295–301.

82. Chen, G.Z., Shaffer, M.S.P., Coleby, D.,
Dixon, G., Zhou, W., Fray, D.J., and
Windle, A.H. (2000) Adv. Mater., 12,
522.

83. Hughes, M., Schaffer, M.S.P., Renouf,
A.C., Singh, C., Chen, G.Z., Fray, D.J.,
and Windle, A.H. (2002) Adv. Mater.,
14, 382–385.

84. Obreja, V.V.N. (2008) Physica E, 40,
2596–2605.

85. Zhang, W.D., Xu, B., and Jiang, L.C.
(2010) J. Mater. Chem., 20, 6383–6391.

86. Hong, W., Xu, Y., Lu, G., Li, C., and
Shi, G. (2008) Electrochem. Commun.,
10, 1555.

87. Wu, Q., Xu, Y., Yao, Z., Liu, A., and
Shi, G. (2010) ACS Nano, 4, 1963.

88. Wang, H.L., Hao, Q.L., Yang, X.J., Lu,
L.D., and Wang, X. (2009) Electrochem.
Commun., 11, 1158.

89. Frackowiak, E. (2004) in Encyclopedia
of Nanoscience and Nanotechnology (eds
J.A. Schwarz et al.), Marcel Dekker,
New York, p. 537.

90. Futaba, D.N., Hata, K., Yamada, T.,
Hiraoka, T., Hayamizu, Y., Kakudate,
Y., Tanaike, O., Hatori, H., Yumura,
M., and Iijima, S. (2006) Nat. Mater., 5,
987.

91. Zhang, H., Cao, G., Jang, Y., and Gu,
Z. (2008) J. Electrochem. Soc., 155,
K19–K22.

92. Zhu, Y., Murali, S., Cai, W., Li, X.,
Suk, J.W., Potts, J.R., and Ruoff, R.S.
(2010) Adv. Mater., 22, 3906–3924.

93. Miller, J.R., Outlaw, R.A., and
Holloway, B.C. (2010) Science, 329,
1637–1639.

94. Stoller, M.D., Park, S., Zhu, Y., An, J.,
and Ruoff, R.S. (2008) Nano Lett., 8,
3498.

95. Stoller, M.D. and Ruoff, R.S. (2010) En-
ergy Environ. Sci., 3, 1294–1301.

96. Zheng, J.P. (2003) J. Electrochem. Soc.,
150, A484.

97. Ganesh, V., Pitchumani, S., and
Lakshminarayanan, V. (2006) J. Power.
Sources, 158, 1523.

98. Nohara, S., Asahina, T., Wada, H.,
Furukawa, N., Inoue, H., Sugoh, N.,
Iwasaki, H., and Iwakura, C. (2006) J.
Power. Sources, 157, 605.

99. Frackowiak, E. (2007) Phys. Chem.
Chem. Phys., 9, 1774–1785.

100. Byon, H.R., Lee, S.W., Chen, S.,
Hammond, P.T., and Shao-Horn,
Y. (2011) Carbon, 49, 457.

101. Yu, D. and Dai, L. (2010) J. Phys.
Chem. Lett., 1, 467–470.

102. Ma, S.B., Nam, K.W., Yoon, W.S.,
Yang, X.Q., Ahn, K.Y., Oh, K.H., and
Kim, K.B. (2007) Electrochem. Commun.,
9, 2807–2811.

103. Ammundsen, B., Aitchison, P.B.,
Burns, G.R., Jones, D.J., and Rozière, J.
(1997) Solid State Ionics, 97, 269–276.

104. Feng, Q., Miyai, Y., Kanoh, H., and
Ooi, K. (1992) Langmuir, 8, 1861–1867.

105. Kang, Y.J., Kim, B., Chung, H., and
Kim, W. (2010) Synth. Met., 60, 2510.

106. Kawaoka, H., Hibino, M., Zhou, H.,
and Honma, I. (2005) Solid State Ionics,
176, 621.

107. Jin, X., Zhou, W., Zhang, S., and
Chen, G.Z. (2007) Small, 3, 1513.

108. Zhang, H., Cao, G., Wang, Z., Yang,
Y., Shi, Z., and Gu, Z. (2008) Nano
Lett., 8, 2664–2668.

109. Zheng, H., Kang, W., Fengming, Z.,
Tang, F., Rufford, T.E., Wang, L., and
Ma, C. (2010) Solid State Ionics, 181,
1690.

110. Reddy, A.L.M., Shaijumon, M.M.,
Gowda, S.R., and Ajajan, P.M. (2010) J.
Phys. Chem. C, 114, 658.

111. Bordjiba, T. and Bélanger, D. (2010)
Electrochim. Acta, 55, 3428.

112. Zhang, H., Cao, G., and Yang, Y.
(2009) Energy Environ. Sci., 2, 932.

113. Pan, H., Li, J., and Feng, Y.P. (2010)
Nanoscale Res. Lett., 5, 654–668.

114. Sivakkumar, S.R., Ko, J.M., Kim, D.Y.,
Kim, B.C., and Wallace, G.G. (2007)
Electrochim. Acta, 52, 7377.

115. Li, Q., Liu, J., Zou, J., Chunder, A.,
Chen, Y., and Zhai, L. (2011) J. Power.
Sources, 196, 565.

116. Hou, Y., Cheng, Y., Hobson, T., and
Liu, J. (2010) Nano Lett., 10, 2727.



References 237
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E., and Béguin, F. (2010) Electrochem.
Commun., 12, 1275–1278.

128. Fic, K., Lota, G., Meller, M., and
Frackowiak, E. (2012) Energy Environ.
Sci., 5, 5842–5850.

129. Bichat, M.P., Raymundo-Piñero, E.,
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7
Li-Ion-Based Hybrid Supercapacitors in Organic Medium
Katsuhiko Naoi and Yuki Nagano

7.1
Introduction

Environment protection and sustainable energy development have recently become
a growing industry, in which energy storage devices are such important components
that they play crucial roles. Energy storage devices include batteries, for example,
lithium-ion batteries, nickel-metal hydride batteries, and lead-acid batteries, which
have high energy densities. The batteries are under vigorous study for further
increasing their energy density so that they can power electric vehicles. On the
other hand, electric double-layer capacitors (EDLCs), which are high-power energy
storage devices capable of effectively utilizing energy, have been also studied and
are practically used in tracks, buses, elevators, and in heavy-duty construction and
railway usage such as forklifts, yard cranes, and bullet trains [1].

However, since EDLCs generally have low energy densities, their uses are limited
and they cannot fully meet the various performance demands of the recent markets
as shown in Figure 7.1. Particularly in the field of automobiles, new energy devices
are strongly desired to have hybrid characteristics between lithium-ion batteries
and EDLCs, and, thereby, can be suitably employed in idle reduction systems.
Accordingly, it is expected for them to form a large market [2]. In order to satisfy
the performance demands, it is often suggested that the energy density of EDLCs
be enhanced to 20–30 Wh l−1, which is approximately twice or more that of the
present EDLCs, namely 5–10 Wh l−1. To realize this high energy density, hybrid
capacitor systems comprising nonaqueous redox materials are being dynamically
researched and developed in recent years [3–11]. This chapter deals with the recent
contributions to get this high energy density by focusing on two major hybridized
cell configurations in organic media.

7.2
Voltage Limitation of Conventional EDLCs

As described, increasing the energy density is one of the most crucial matters.
For conventional EDLC systems, designed with two symmetrical activated carbon
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Figure 7.1 Ragone plots for representative energy storage devices of batteries (lead-acid,
nickel-metal hydride, and Li-ion) and EDLCs. The energy-power requirements are indicated
for important applications (automotive, office appliances, railways, etc.) and the target areas
of enhanced electrochemical supercapacitors for the next generation.

(AC) electrodes, increasing the voltage is the most effective in increasing energy
density because of its square dependence on voltage. Thus, it is essential to develop
higher electrochemical durability at the electrode/electrolyte interface. Currently,
the maximum voltage of a normal EDLC is, however, limited to 2.5–2.7 V.
Exceeding this voltage limitation will cause serious damage to an EDLC cell and
considerable side reactions such as gas evolution and surface film formation on
the electrode surfaces.

The gas evolution was practically analyzed by using an H-type cell (Figure 7.2)
capable of separately collecting gases from the positive and negative compartments.
The gaseous products were separately collected after applying constant voltages
of 3.0, 3.3, and 4.0 V at 60 ◦C for 50 h. In the positive compartment, mainly
two components, CO2 and CO, were detected resulting from the electrochemical
oxidation of propylene carbonate (PC) and surface functional groups of carbon. The
easily oxidizable functional groups such as carboxyl can be oxidized at 3.0 V and
released as CO2 gas, while phenol and ketone produce CO gas at a higher voltage

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 7.2 Limitation in polarizing conventional EDLCs, suggesting the safe working voltage
window (2.5–2.7 V) free from various gases evolution at the positive and negative activated
carbon electrodes. The evolved gases were collected after floating tests (at 60 ◦C for 50 h) and
characterized by gas chromatography, and are shown as a function of applied voltages of 3.0, 3.3,
and 4.0 V. The SEM images show the surface aspect of the positive and negative electrodes after
charging–discharging in the voltage range of 0–4.0 V [31].



7.2 Voltage Limitation of Conventional EDLCs 241

Negative
Before

Positive
0−4 V

Charge–discharge
0−4 V

Charge–discharge

2 µm

4.0 V

3.3 V

3.0 V

4.0 V

3.3 V H2

3.0 V

CO2

CO2

CO2

CO

CO

H2 CO

H2

CO2

CO2

Propylene

Gas evolution
from negative

electrode
compartment

Gas evolution
from positive

electrode
compartment

P
ot

en
tia

l, 
V

 v
er

su
s 

Li
/L

i+

5

4

3

2

1

0
0 10 20 30 40 50

Specific capacity (mAh g−1)

Safe working
voltage window

2.0 V 2.5 V1.0 V

Positive AC

Negative AC
Typical EDLC voltage

profile in Et3MeNBF4/PC
capacitance = 140 F g−1

(2.5 V@30 mAh g−1)

Gas evolution by reductive decomposition

Gas evolution by oxidative decomposition

Negative Positive
Activated carbon Activated carbon

O

O

O

O

O

O

O

C

C

H

C

C

O

O

O
OH

OH

2H2O + 2e− H2 + 2OH−



242 7 Li-Ion-Based Hybrid Supercapacitors in Organic Medium

than 3.3 V. The gasification of such functional groups automatically detaches the
adsorbed water clusters and release free water (from initially 11 up to 300 ppm) into
the electrolyte, as mostly observed in the positive compartment. In the negative
compartment, on the other hand, the evolved gaseous products are quite different.
Hydrogen (H2) is observed together with OH− at 3.0 V, both resulting from water
electrochemical reduction. At 3.3 V, the OH−-catalyzed PC hydrolysis occurs in the
negative compartment consuming water (11 down to 1 ppm) after a 50 h floating
test. Other gases such as propylene, CO2, ethylene, and CO are detected at higher
voltages of 4.0 V, indicating that a direct electrochemical reduction of PC occurs
[12].

According to these reactions, applying a voltage over 2.7 V causes a significant
decrease in capacitance and an increase in damage to the AC electrodes. As
shown in the lower part of Figure 7.2, with an increase in polarization voltage
to 4.0 V, a considerable surface film formation is observed, the latter being
normally more pronounced at the negative electrode surface. In fact, after 30 days
at 2.7 V, the cell lost 13% of its initial capacitance and its internal resistance
increased. At 2.9 V, the capacitance loss became more significant (�C = −28%)
for the same duration. The threshold cell overvoltage between 2.5 and over
2.7 V certainly triggers a consecutive and fatal degradation. The undesired faradic
process (failure modes) that leads to a capacitance fade is the most critical
metrics that determines the life of the current EDLCs [2]. This withstand voltage
limitation (2.5–2.7 V) is certainly a big barrier for further enhancement in energy
density.

7.3
Hybrid Capacitor Systems

There is presently a major effort to increase the energy density of supercapacitors
up to a target value in the vicinity of 20–30 Wh kg−1 [1]. Many studies have been
undertaken to meet the following important issues (Figure 7.3) in order to increase
the energy density of EDLC devices. There are mainly three approaches, by (i)
changing the electrode material (by higher capacitance carbons or redox materials),
(ii) changing the electrolyte (by durable new electrolyte or ionic liquids), and
(iii) developing hybrid capacitors. Various hybrid capacitor systems are possible
by coupling redox-active materials (e.g., graphite [3, 4], metal oxides [10–12],
conducting polymers [13, 14], and an AC). This approach can overcome the energy
density limitation of the conventional EDLCs because it employs a hybrid system of
battery-like (faradic) and capacitor-like (non-faradic) electrodes, producing higher
working voltage, and capacitance. With these systems, one can certainly achieve
twice or triple enhancements in energy density compared to the conventional
EDLCs (Figure 7.4).
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Figure 7.3 Major approaches to get enhanced energy density of supercapacitors: higher
capacitance by replacing activated carbons with various pseudocapacitive materials, higher
voltage by having hybrid cell configurations and durable electrolytes.

e

LIB LIC EDLC

Double layer

AC/45 mAh g−1Graphite/364 mAh g−1

LiCoO2/273 mAh g−1 AC/45 mAh g−1
AC

Graphite

HybridRedoxMechanism

− electrode

+ electrode

graphite LiCoO2 graphite

Figure 7.4 Cell configurations and mechanisms for Li-ion battery (LIB), LIC, and EDLC.

7.3.1
Lithium-Ion Capacitor (LIC)

Among high-energy hybrid capacitors comprising nonaqueous redox materials, a
hybrid system called the lithium-ion capacitor (abbreviated as LIC) has particularly
attracted attention [3–5]. As shown in Figure 7.5, the LIC is a hybrid capacitor in
which the positive and negative electrodes are made of AC and of graphite predoped
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a hybrid nonaqueous lithium-ion capacitor (LIC) where the negative electrode is replaced by
prelithiated graphite.

with lithium ions, respectively. Hence, the LIC is a hybrid of a Li-ion battery (LIB)
negative electrode and EDLC positive electrode. Li+ intercalation–deintercalation
occurs in the graphite electrode with shallower state of charge (SOC; less than
50%) compared with the LIB system, while adsorption–desorption of anions,
most typically BF4

− or PF6
−, occurs on the AC electrode, as in the EDLC. The

overall process is not a ‘‘rocking-chair’’-type reaction as LIB, but a cation- and
anion-consuming reaction.

Figure 7.5 represents the voltage profiles of the conventional EDLC system and
LIC, whereby one can have a good scenario attaining higher voltage and higher
energy density.

As the graphite-negative electrode undergoes the reaction at a potential a little
over 0 V versus Li/Li+, the LIC has a high working voltage of 3.8 to 4.0 V. This
high working voltage enables the lithium-ion capacitor to realize both a high-power
density of approximately 5 kW kg−1 and an energy density of approximately 20–30
Wh kg−1. The LIC thus exhibits favorable performance, and is regarded as a
promising candidate of the next generation of electrochemical supercapacitors.
Hence, some Japanese companies (JM Energy, FDK, etc.) have already started
commercializing LIC and its modules [4].

The limited charging rate, especially at low temperatures, would be the possible
drawback of the LIC because it exhibits some metal deposition, as observed in
Figure 7.6. Generally speaking, instead of achieving energy density improvement,
the high working voltage causes an electrolyte decomposition problem, especially
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at the negative graphite electrode [14]. This is an issue that is specifically important
for an electrochemical capacitor as a ‘‘power device’’ because it leads to a high
impedance electrode/electrolyte interface and thus eventually to a deteriorated
power performance for longer cycling.

However, the LIC system has an advantage at high voltage (4 V) and high-
temperature performance (60 ◦C). As both the positive (AC) and negative (graphite
or hard carbon) electrode materials are already commercially available, it is easy
to start assembling LIC cells. The only issue is the process of Li+ predoping to
the negative electrode. Figure 7.7 describes an original Li+ predoping developed
for laminated electrodes and first patented by Fuji Heavy Industry [15]. The Li+

predoping is a thermodynamically ‘‘downhill’’ process that starts automatically
from the adjacent Li metal plate when an electrolyte is introduced into an LIC cell.
Also, Li+ ions pass through holes on the current collector (mostly Cu) to efficiently
dope all the bipolar-stacked cells. However, Li+ predoping for larger capacity cells
takes a longer time to complete. Effective Li+ predoping methods have eagerly
been researched and this may not be a major problem for reliability under mass
production. Béguin et al. [5] suggested a unique method called formation cycles for
preconditioning graphite electrode, enabling deeper Li+ predoping. The method
involves a sequential application of voltage pulses (4.0 V) followed by open-circuit
relaxation periods. With this method, the potential of the graphite electrode is
lowered and the Li+ is perfectly injected without requiring an auxiliary lithium
metal electrode, making the system potentially safer.
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Figure 7.7 Li+ predoping for LIC systems patented by Fuji Heavy industry [15].
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7.3.2
Nanohybrid Capacitor (NHC)

Very recently, Naoi’s group developed a hybrid capacitor system that certainly
achieves a high energy density, high stability, and high safety. This is called
nanohybrid capacitor (abbreviated as NHC) using a super-high-rate nanostructured
lithium titanate (Li4Ti5O12)/carbon composite negative electrode. The authors
have kept their eyes on lithium titanate (Li4Ti5O12) as a stable and safe redox
material capable of increasing the energy density of hybrid capacitors without
sacrificing interfacial characteristics. Li4Ti5O12 operates at a potential (1.55 V vs.
Li/Li+) out of the range where the electrolyte solution may be decomposed, and
hence play key roles for providing capacitor systems as stable and safe as EDLCs
(Figure 7.8).

Amatucci et al. [16] first introduced the Li4Ti5O12/AC hybrid as a safer energy
storage system. However, conventional Li4Ti5O12 has the greatest problem of
low-power characteristics that stem from inherent poor Li+ diffusion coefficient
(<10−6 cm2 s−1) [17] and poor electronic conductivity (<10−13 S cm−1) [18].
Such slow output characteristics were not fully developed for the application in
electrochemical capacitors at that time. For the purpose of solving the problem of
poor output performance, the Li4Ti5O12 may be ground from a few 10 µm down to
less than 10 nm particles and may be combined with an electroconductive material
to prepare a composite [33, 34].

Li4Ti5O12 as a redox material for hybrid capacitors, described in Figure 7.9, has
the following essential advantages in energy density, stability, and safety:
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Figure 7.9 Electrochemical and structural changes for Li4Ti5O12 during the
charge–discharge process.

1) It exhibits a high coulombic efficiency close to 100% during charge–discharge
cycling [32].

2) It has a theoretical capacity (175 mAh g−1) four times higher than AC.
3) It undergoes charging and discharging at a constant potential of 1.55 V versus

Li/Li+, where the electrolyte solution is free from any degradation (little SEI
formation and little gas evolution) [19–21].

4) It exhibits very small volumetric changes (0.2%) (zero-strain insertion).
5) It is an inexpensive raw material.

As summarized in Figure 7.10, a capacitor cell comprising Li4Ti5O12 does not
require predoping by lithium ions. There is a large selection of electrolytes for
NHC because of its narrower voltage window (2.7–3.0 V) compared with the LIC
system (4.0–4.3 V). Acetonitrile (AN), ionic liquids and linear carbonates (dimethyl
carbonate (DMC) or DEC) can be utilized for NHC. The selection of electrolyte is
very important for getting even better power performances. In fact, an AN-based
NHC exhibited nine times higher power density compared with the conventional
PC-based EDLCs. The reason is uncertain at present but may be due to better
accessibility of AN (compared with viscous PC) to the microporous Li4Ti5O12

nanocomposite. The low-temperature performance is excellent down to −40 ◦C for
NHC because of the nature of Li4Ti5O12. The internal resistance of NHC can be
minimized to values comparable to EDLCs in a wide range of temperatures.

7.4
Material Design for NHC

Composites of nanosized Li4Ti5O12 particles and carbon nanofibers (CNFs)
(Li4Ti5O12/CNF) were synthesized by means of a new method referred to as
ultracentrifuging force (UC) method [22, 23]. Specifically, the composite comprises
nanocrystalline Li4Ti5O12 particles hyperdispersed on CNFs [24] having high elec-
tronic conductivity (25 �−1 cm−1) (Figure 7.11). The authors utilized the composite
as a negative electrode active material, and thereby succeeded in producing a novel
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Figure 7.10 Comparison of LIC and NHC characteristics.

hybrid capacitor (nanohybrid capacitor) realizing both high power and high energy
density.

The nc-Li4Ti5O12 negative electrode was developed to have a unique nanostruc-
ture that can operate at unusually high current densities. Nanocrystalline Li4Ti5O12

attached onto carbon nanofibers was prepared by a unique technique, UC treat-
ment, inducing a mechanochemical sol–gel reaction under UC at 75 000 G [25],
followed by an instantaneous heat treatment under vacuum for very short duration.
The UC treatment is a buildup synthetic scheme that involves starting materials
and the following four steps (Figure 7.11) namely, carbon matrix (CNF), Ti, and
Li sources are premixed, (1) starting ultracentrifuging which initiates unbundling
of the carbon matrix for maximum dispersion of reactant species, (2) sol–gel
reaction takes place and produces the Li4Ti5O12 precursor in situ on carbon, and
(3) terminating UC induces rebundling and restructuring of the carbon matrix to
form a ‘‘nano-nano composite,’’ highly dispersed with nanoscale Li4Ti5O12 precur-
sors. This process simultaneously produces a mesoporous network that acts as an
electrolyte reservoir due to a pillar effect of trapped LTO precursors. (4) Post-heat
treatment effectively completes the crystallization process, producing LTO spinel
structures without crystal growth [10, 23].

XRD analysis was performed to confirm the formation of nc-Li4Ti5O12 and to
detect the presence of CNF in the nc-Li4Ti5O12/CNF composites. Figure 7.12a
shows the XRD patterns of the prepared nc-Li4Ti5O12/CNF composite and pristine
CNF. The composite has several sharp diffraction peaks at 2θ = 18, 35, 42, 57, and
63 ◦. These peaks correspond to (111), (311), (400), (511), and (440) planes of a
face-centered cubic spinel structure with Fd3m space group [26, 27], respectively,
indicative of the formation of crystalline Li4Ti5O12 after annealing at 900 ◦C under
vacuum. A broad peak at around 2θ = 24.5◦ is observed, which corresponds to the
(002) plane of the pristine CNF [28]. This means that the CNFs exist in the annealed
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Figure 7.11 Concept of ‘‘ultra-centrifuging (UC) treatment.’’ The UC treatment involves a
simple one-step rapid generation scheme yielding a series of optimized ‘‘nano-nano com-
posites,’’ capable of storing and delivering energy at the highest sustained capacity with
remarkable C rates.

composite and preserve their graphene layered structure. The fact that there are
no other peaks observed corresponding to some possible impurities such as TiO2,
Li2CO3, and Li2TiO3 [29, 30, 35] suggests that there are only two species, crystalline
Li4Ti5O12 and CNF.

Thermogravimetric (TG) measurement on the nc-Li4Ti5O12/CNF composite was
performed under air to estimate the weight ratio of CNF. The obtained TG curve
is shown in Figure 7.12b. The weight loss at 400–600 ◦C corresponds to the
oxidation of CNF, and exactly 50 wt% of the nc-Li4Ti5O12 remains. This value is
consistent with the Li4Ti5O12 to CNF weight ratio calculated on the basis of dosed
Ti alkoxide weight before the UC method. This fact implies that the sol–gel reaction
under UC treatment stoichiometrically proceeds, and the optimized (very short
duration) annealing does not cause oxidative decomposition of the CNF. Such a
stoichiometric preparation process (UC method and instantaneous annealing) is
one of the important factors for cost-effectiveness of capacitor production.

The nanostructure and crystallinity of nc-Li4Ti5O12 and CNF in the composite
were observed by HR-TEM (Figure 7.13 & 7.14). The image indicates that the edge
or defect graphene sites of CNF accommodate and graft nc-Li4Ti5O12 particles. The
clear facet of Li4Ti5O12 reflects the high crystallinity that is consistent with the sharp
XRD lines (Figure 7.12a) despite such a nanosize. Such a high crystallinity results
in a reversible, smooth Li+ insertion performance, and about 100% of coulombic
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efficiency. Also, the HR-TEM images of CNF show clear graphene layers indicative
of crystalline structure (Figure 7.13). Thus, this composite is considered to be the
junction material of two crystalline species, Li4Ti5O12 and CNF (Figure 7.13a). Of
particular interest is that the lattice matching of the nc-Li4Ti5O12 particles and
CNFs is perfect and they are firmly attached (Figure 7.13b). This could bring about
an establishment of good electronic paths between the two species.

Another HR-TEM image (Figure 7.14) indicates the multiple attachments of the
nc-Li4Ti5O12 particles on the inner and outer walls of the CNF graphene substrate.
This may indicate that the crystallization would be so efficient on CNF and, more
importantly, can enhance both the energy density and the specific gravity of the
nc-Li4Ti5O12.

Figure 7.15a shows the galvanostatic charge–discharge characteristics of the
half-cell Li/(nc-Li4Ti5O12/CNF) at 1 C. The plateau at about 1.5 V versus Li/Li+
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Figure 7.14 HR-TEM image of multiple nc-Li4Ti5O12 attachments inside and outside the
CNF wall.
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corresponds to the Li+ intercalation–deintercalation process in crystalline Li4Ti5O12

[ 22,24, 27], indicating that the capacity of the composite is determined by the redox
capacity of nc-Li4Ti5O12. The capacity obtained after subtracting the double-layer
capacity of the CNF (8 mAh g−1), was 167 mAh g−1 per Li4Ti5O12, which is 95%
of the theoretical capacity. This result indicates that almost all of the nc-Li4Ti5O12

particles in the composite are electrochemically active, meaning that ionic and
electric paths are fully established in the composite.

The rate capability of the composite is shown in Figure 7.15b. Even at a high
rate of 300 C, the composite shows a reversible capacity of 158 mAh g−1 per
Li4Ti5O12 which corresponds to 95% of the capacity obtained at 1 C. Such an
excellent rate capability indicates that the optimized nanostructure of the nc-
Li4Ti5O12/CNF composites as observed in HR-TEM images well overcomes the
inherent problems of the Li4Ti5O12 material, such as poor Li+ diffusivity and poor
electronic conductivity. Probably, this is because the nanocrystallized Li4Ti5O12 and
Li4Ti5O12/CNF junctions lead to facile ionic diffusion and electronic conduction,
respectively. The cyclability of the composite is shown in Figure 7.15c. Even after
9000 cycles, 90% of the initial capacity is maintained, showing that the composite
is electrochemically stable. The result strongly suggests that the aggregation and
detachment of the nc-Li4Ti5O12 particles hardly happen during operation at high
charge–discharge rate for a prolonged cycling.

Figure 7.16 shows Ragone plots obtained from charge–discharge measurements
for the hybrid ((nc-Li4Ti5O12/CNF)/LiBF4-PC/AC) cell. The charge–discharge was
performed between 1.5 and 3.0 V at various current densities ranging from 0.2
to 30 mA cm−2 (0.18–26.8 A g−1). For comparison, a conventional EDLC system
(AC/TEABF4-PC/AC) was also assembled and measured between 0 and 2.5 V.
In the low-power density range of 0.1–1 kW l−1, the hybrid capacitor shows an
energy density of 28–30 Wh l−1, which is a value comparable to that of the
Li-ion capacitors [3]. Even at a high power of 6 kW l−1, the energy density of the
hybrid capacitor remains at 15 Wh l−1, which is double that of the conventional
EDLC system (AC/AC). Accordingly, this configuration of the capacitor system
is anticipated as an energy device utilizable for both high-energy and high-power
applications.

7.5
Conclusion

Practical research and development are now vigorously conducted to improve the
energy density of the existing electrochemical capacitors. Soon, we will witness
high-energy density capacitors of the next generation. Hybrid capacitors attract
much attention owing to their higher withstanding voltage and increase in energy
density. In fact, the appearance of LIC and NHCs is certainly regarded as the
beginning of an ‘‘age of tripled energy density.’’ If the cost is reduced enough to
meet the market’s demand, they will surely grow in business.
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Abbreviations

AC activated carbon
CNT carbon nanotube
HC hard carbon
PAC polyacene
CB carbon black
CNF carbon nano fiber
EC ethylene carbonate
PC propylene carbonate
DMC dimethyl carbonate
AN acetonitrile
Al aluminum
Cu copper
pos positive electrode
neg negative electrode
SEI solid electrolyte interface
DEC diethylcarbonate
LTO Li4Ti5O12
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8
Asymmetric and Hybrid Devices in Aqueous Electrolytes
Thierry Brousse, Daniel Bélanger, and Daniel Guay

8.1
Introduction

Carbon-based symmetrical electrochemical double-layer capacitors (EDLCs)
demonstrate higher energy density and power capability in organic-based
electrolytes compared to aqueous-based electrolytes owing to their high operating
voltage (2.5–2.7 V). Indeed, despite a lower capacitance of carbon-based electrodes
in organic electrolytes (C), the maximum energy density (Emax) is expressed as

Emax = 1/2CU2
max (8.1)

and is proportional to the square of the maximum operating voltage (Umax), which
is limited to the water electrochemical stability window that cannot theoretically
exceed 1.23 V. Thus, even if the capacitance of a symmetrical carbon-based device
in an aqueous electrolyte is twice that of an EDLC in an organic electrolyte
(Caq = 2Corg), the maximum operating voltage of an organic-based device is more
than twice that of an aqueous-based capacitor (Uorg = 2Uaq) resulting in:

Eorg = 1/2CorgU2
org = 1/2

(
1/2Caq

)
(2Uaq)2 = 2Eaq (8.2)

Obviously, this simple calculation does not take into account additional factors such
as electrolyte concentration, ionic conductivity, packaging, and so on, but some
more detailed theoretical calculation [1] points out the superiority of symmetrical
carbon-based EDLC in an organic electrolyte (5.7 vs 1.7 Wh kg−1 for symmetrical
carbon-based devices in aqueous electrolytes). Practically, the superiority of organic-
based carbon/carbon devices has been demonstrated and most commercial-based
devices use organic electrolytes.

However, aqueous-based devices possess a number of advantages that can be
emphasized in a commercial system, such as their high ionic conductivity, which
can be useful to achieve high power density [2, 3]. In addition, the electrothermal
safety of aqueous-based devices will be greater in all cases than for organic-based
electrolytes [4], which is one of the major points now addressed by electrochemical
capacitor (EC) manufacturers as high currents and fast cycling rates are usually
required, thus possibly leading to thermal rather than chemical runaway of the

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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devices. Even device manufacturing will cause less technical stress (no special
atmosphere required for manufacturing the devices, no organic solvents, etc.) and
concomitantly will help reduce manufacturing costs when aqueous electrolytes are
preferred to organic-based media.

According to Eqs. (8.1) and (8.2), an obvious way to increase the energy density
of an aqueous-based device is to overcome the theoretical electrochemical stabil-
ity window of water and/or to enhance cell capacitance. This last solution has
been shown to be efficient when pseudocapacitive RuO2 symmetrical devices are
designed [5]. However, the operating cell voltage is still limited to ≈1.2 V.

Not all aqueous-based electrochemical devices are limited to 1.2 V operating
voltage. Several battery-type systems exceed this value by play exploiting the gas
(oxygen/hydrogen) evolution overpotential, which strongly depends on the chemical
nature of the electrodes. The best example is the lead-acid battery that exhibits an
operating voltage above 2 V in concentrated H2SO4 acid [6]. The same trend is
observed for nickel-zinc secondary batteries for which the operating voltage is close
to 1.65 V. This has given rise to a series of devices using a negative carbon-based
capacitive electrode and a positive faradic one, such as PbO2 or Ni(OH)2 electrode
[7–9]. These devices exhibit an operating cell voltage of 2.25 and 1.65 V for the PbO2

or Ni(OH)2 positive electrode, respectively. As they are operated in concentrated
H2SO4 or KOH aqueous electrolytes, they get the beneficial effects of high ionic
conductivity, thermal stability, and ease of manufacturing. The second main effect
of replacing a capacitive positive electrode by a faradic one is the drastic increase
in cell overall capacitance owing to the very high capacity of the positive faradic
electrode compared to a carbon capacitive electrode: 1041 C g−1 for Ni(OH)2 or 807
C g−1 for PbO2 vs 280 C g−1 for an activated carbon (AC) electrode (≈280 F g−1)
operated on a 1 V potential range. However, the use of a faradic electrode instead
of a capacitive one has several drawbacks such as poor cycling ability compared
to the carbon-based electrode, structural and microstructural changes on cycling,
limited power capability, and so on, but different solutions have been proposed to
overcome these drawbacks.

As previously mentioned, another approach to increase the energy density of
aqueous-based ECs is the use of pseudocapacitive electrodes such as RuO2 or,
more recently, MnO2 [10]. Despite an increase in cell capacitance, the cell voltage
limitation in oxide-based symmetrical devices is still a problem to increase the
energy density. As for carbon-PbO2 or carbon-Ni(OH)2 cells, the use of two
different electrodes can widen the cell voltage. This has been recently proposed
for MnO2-based ECs, where the negative electrode of a symmetrical MnO2/MnO2

device was replaced by AC [11–13], conducting polymer [14], or iron oxides
[15] in a mild aqueous electrolyte, thus enabling the electrode to reach a more
negative potential with an increased cell voltage as a result [10]. As MnO2 is a
pseudocapacitive electrode with a capacitance value close to that of AC in a mild
aqueous electrolyte, the AC/MnO2 asymmetric device looks like a symmetric one.
Consequently, the energy density increase is based on the widening of the cell
voltage compared to a symmetrical MnO2/MnO2 EC. Increasing the cell voltage
from ≈1 to 2 V for AC)/MnO2 asymmetric EC leads to a four times increase in
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the energy density. The figures are similar to those reported for AC/Ni(OH)2 or
AC/PbO2 but with the great advantage of maintaining long-term cycling ability on
the MnO2 positive electrode, and subsequently on the AC/MnO2 device, owing to
its pseudocapacitive behavior.

Finally, it is also possible to couple a pseudocapacitive oxide (RuO2) in H2SO4

electrolyte with a porous tantalum oxide positive electrode from an electrolytic
capacitor [16]. The resulting device takes advantage of the high-voltage operation of
the Ta2O5 anode while keeping the negative RuO2 electrode in its electrochemical
stability window. The device exhibits performances closer to those of standard
electrolytic capacitors rather than regular ECs, mainly because the cell capacitance
is strongly limited by the ‘‘dielectric’’ electrode (Ta2O5 anode).

From the designs described above, a question arises about the vocabulary
related to these devices. Zheng and Conway [3, 7] explained that they should
be called asymmetric devices as they are usually assembled with a capacitive
carbon electrode coupled with a faradic (PbO2 or Ni(OH)2) electrode. However,
what should be the right denomination for a capacitive carbon electrode coupled
with a pseudocapacitive electrode such as MnO2? A suggestion can be to term
as either asymmetric (different materials as positive and negative electrodes) or
hybrid (battery-type electrode coupled with EDLC-type electrode) a device that is a
combination of a faradic electrode together with a capacitive one, and as asymmetric
a device using only capacitive or pseudocapacitive compounds. Subsequently and
in the following section, the AC/Ni(OH)2 or AC/PbO2 system will be called hybrid
or asymmetric device and AC/MnO2 will be called asymmetric EC

The principles ruling the fabrication of these three types of asymmetric aqueous-
based ECs are detailed in the following sections, together with representative
examples of the different designs and major trends for future hybrid systems.

8.2
Aqueous Hybrid (Asymmetric) Devices

Hybrid devices were proposed by the end of the 1990s. They were an answer to
the energy density limitation of symmetrical AC ECs. Combining the advantages
of long-term cycling, the fast and reversible AC negative electrode, and those of
a high-capacity positive faradic electrode in a highly conductive ionic aqueous
electrolyte, they were supposed to fulfill the requirements of high energy, high
power density devices.

8.2.1
Principles, Requirements, and Limitations

When a symmetrical AC EC is used in aqueous electrolytes (e.g., KOH or H2SO4)
[17], it presents limited cell voltage operation owing to gas evolution reactions and
carbon oxidation. Subsequently, the maximum operating cell voltage is 1.23 V, but
practically this value hardly exceeds 1 V (Figure 8.1). Concomitantly, each carbon
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> 1 V

1 V

Activated carbon

Faradic
(PbO2, Ni(OH)2

Figure 8.1 Schematic drawing of the cyclic voltammograms of a hybrid device electrode
in aqueous electrolyte (KOH, H2SO4, etc.) operating with a negative activated carbon elec-
trode and a positive faradic electrode (Ni(OH)2, PbO2). The gain in operating cell voltage is
depicted.

electrode has to work in a limited electrochemical window of ≈0.5 V (Figure 8.1,
dashed area), which means that the resulting capacitance (F g−1) of the carbon
symmetrical device is only one fourth that of a single carbon electrode measured
in a three-electrode cell configuration [7].

By adding a faradic positive electrode (Figure 8.1), which operates in a com-
plementary electrochemical window thanks to the high oxygen evolution reaction
overpotential, the cell voltage is increased above 1 V. In addition, the carbon
electrode can now be operated in its full electrochemical window, while the faradic
electrode has almost an infinite capacity (C g−1) compared to the capacitive one
(Figures 8.1 and 8.2). This results in an overall capacitance that is much higher than
that of carbon symmetrical ECs (Figure 8.2). The full calculations of the expected
capacitance of such hybrids can be found in Zheng and Conway’ papers [3, 7]. The
influence of the electrolyte concentration must be taken into account when calculat-
ing the optimized weight balance between positive/negative/electrolyte amounts.
A maximum energy density of 50 Wh kg−1 is calculated for a carbon/Ni(OH)2

hybrid device based on 1.65 V working voltage in 6.25 M KOH and 1/3.30/1.97
positive/negative/electrolyte weight ratio, while the same calculation for a symmet-
rical AC EC in 5.26 M H2SO4 leads to 7.2 Wh kg−1 [3]. Conway indicates a similar
energy density for the carbon/Ni(OH)2 hybrid device (55–65 Wh kg−1), which
can be raised up to 63–67 Wh kg−1 for the carbon/PbO2 hybrid device in H2SO4

electrolyte [7]. Not only the energy density but also the power density is supposed to
increase compared to that in the symmetrical carbon device (Figure 8.2). However,
this last calculation precludes the limits of the hybrid device.

Indeed, all the calculations are usually based on a full use of the faradic electrode
capacity, which is difficult to achieve for different reasons, and on a kinetic response
of the faradic electrode that is as fast as that of the carbon electrode, which practically
will hardly be achieved. Requirements for the faradic electrode in a hybrid device
are listed in Conway’s paper [7]. To summarize and generalize to other hybrid cells,
two main requirements can be specified:

1) The capacity (Ah) of the hybrid cell must be limited by the carbon capacitive
electrode so that the faradic-type battery electrode can be operated down to a
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reasonable state of charge (SOC). Usually, this SOC cannot exceed 10–50%
in order to assure electrode cycle life. Indeed, a large SOC leads to capacity
fade of the electrode as in a ‘‘standard’’ secondary battery and only a few
hundred (or few thousand) charge/discharge cycles can usually be achieved. A
way to extend the cycling ability of the faradic electrode is to limit the SOC.
In this case, only a limited amount of the electrode material is affected by the
electrochemical cycling, leading to limited structural/microstructural changes.
The limited SOC also provides a ‘‘reserve’’ amount of faradic material, which
will be activated as some faradic material is consumed and becomes inactive
owing to mechanical/chemical modification of the electrode. Subsequently,
long-term cycling ability can be achieved with a hybrid device but at the
expense of energy density as a larger amount than what is necessary to balance
the negative electrode is needed.

2) The charge/discharge rate must be adapted to that of the faradic electrode,
which is the limiting one for power capability of the hybrid device. Thus,
the time constant of the hybrid device is usually 1 or 2 orders of magnitude
greater than for symmetric carbon device (≈100–1000 s instead of 1–10 s).
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This suggests that nanostructured faradic electrode material might be used
instead of standard microsized compounds in order to promote ionic diffusion
in the solid. However, since the surface of the positive and negative electrodes
has to be the same for designing the hybrid device, the faradic electrode
will be much thinner than the carbon one, thus intrinsically enabling faster
charging/discharging rates than a standard battery electrode.

The major hybrid devices proposed up to now are described in the following
sections.

8.2.2
Activated Carbon/PbO2 Devices

The two half reactions that are occurring in lead-acid batteries during charge and
discharge are described by the well-known double sulfate theory [6]:
Positive electrode

PbO2 + 3H+ + HSO4
− + 2e− → PbSO4 + 2H2O (+1.685 V vsENH) (8.3)

Negative electrode

Pb + HSO4
− → PbSO4 + H+ + 2e− (−0.356 Vvs ENH) (8.4)

One of the earliest asymmetric capacitor device was based on a faradically
rechargeable Pb/PbO2 battery-type electrode with a non-faradically carbon-based
rechargeable supercapacitor electrode. In an asymmetric AC/PbO2 device, the
positive electrode and the electrolyte are the same as in a conventional Pb/PbO2

battery but the negative electrode is replaced by a highly reversible double-layer
carbon-based electrode whose charge and discharge mechanism is best described
by the following equation

nC6
x−(

H+)
x → nC6

(x−2)−(
H+)

x−2 + 2H+ + 2e− (
discharged

)
(8.5)

Following the convention used by Conway [7], the net overall capacity density, CT,
of an asymmetric capacitor is given by the following equation

1

CT
= 1

CP
+ 1

Cn
(8.6)

where Cp and Cn are the electrode capacities of the positive and negative electrodes,
respectively. Thus, the net capacity density is mainly determined by the smaller
of the two capacitances. As the PbO2 faradic electrode has effectively infinite
capacitance compared to carbon electrode, this means that CT will be equal to
the capacitance of the negative electrode and that the full charge capacity of that
component electrode is then utilizable.

The reduction of PbO2 to PbSO4 involves two electrons and the equivalent
weight of lead dioxide is 119 g. The equivalent weight of carbon will depend on
several factors, including the specific surface area and the specific double-layer
capacitance but an effective equivalent weight of 200 g was reported. The mass of
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a stable reference electrode as a function of time for recharge and discharge of an asym-
metric activated carbon/PbO2 device. Taken from Ref. [7].

both electrodes must therefore be adjusted if charge balance is to be achieved in
the combined two-electrode system.

In the fully charged state, H+ are adsorbed at the surface of the negative
electrode and are moving to the positive electrode during discharge where they are
neutralized to form water. The result is reduced acid concentration swings from the
charged to discharged state, which reduces grid corrosion on the positive electrode
and leads to longer life of the positive electrode.

The benefit of using a PbO2 faradic electrode as the positive element in an
asymmetric capacitor is particularly evident from an inspection of Figure 8.3,
where it is seen that the electrode potential (measured against a stable reference
electrode) of the PbO2 positive electrode varies by less than 100 mV during the
successive charge and discharge cycle. This translates into an operating voltage of
the asymmetric combination of electrodes that has higher discharge and remains
longer than for the symmetric capacitor (Figure 8.2)

The reproducibility of the forms of the cathode/anode half-cycle was maintained
over 10 000 cycles and the coulombic and energy efficiencies were better than
90 and 63%, respectively. The coulombic efficiency is similar to that of lead-acid
battery but the energy efficiency is somewhat lower.

One of the first asymmetric AC/PbO2 devices in the literature was reported in
1998 at a specialized meeting [18] and was discussed in Ref. [19]. The ratio between
the active masses of both electrodes was selected so as to ensure the capacitor’s
operation is limited by the negative electrode and the basic parameters of the device
are given in Table 8.1.

However, only a few papers in the literature demonstrate the assembly of the
carbon/PbO2 hybrid device [7, 20–22], but some companies are proposing products
based on this technology. Axion Power International Inc. [23] is proposing a hybrid
device known as the PbC battery that uses the standard lead-acid battery positive
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Table 8.1 Basic parameters of the hybrid electrochemical supercapacitor developed in
Russia.

Parameter Value

Specific capacitance of carbon electrode (F g−1) 600
Specific energy density (Wh kg−1) 20–25
Specific volume energy density (Wh dm−3) 60–75
Maximum discharge voltage (V) 2.0
Minimum discharge voltage (V) 0.5
Internal resistance (m�) 3–5
Cycle life (cycles) 10 000
Charge time (min) 20–30
Working temperature (◦C) −40 to +60

Taken from Ref. [19].

electrode and a high surface area (1500 m2 g−1) carbon-based supercapacitor
negative electrode. Axion’s PbC battery is a sealed unit and requires virtually no
maintenance, resulting in low operating costs. It can also be recycled in existing lead-
acid battery recycling facilities. Also, manufacturability of PbC batteries is facilitated
as it can be done in existing lead-acid battery facilities, thus eliminating large capital
investment to build new advanced battery facilities. The rapid charge/discharge
capabilities and high power output of PbC battery fit the requirements for hybrid-
electric vehicle (HEV) applications. It is believed that the PbC technology can fill
the gap between advanced battery technologies and advanced supercapacitors in
the energy/power/cost profile. The company is currently working to develop higher
power starting batteries with better cold temperature performance, higher energy
and longer life deep-cycle batteries.

Apart from the problem related to the cycling ability, which is often solved by
adding an excess of PbO2 at the positive electrode, resulting in a ‘‘reserve’’ of active
material, the power capability has been addressed by different groups [21, 24]. The
trend is to use a nanostructured lead dioxide electrode, usually thin film, nanowires,
etc.) in order to maximize the surface in contact with the electrolyte. Thus, PbO2

thin films were electrodeposited on the Ti/SnO2 substrates from the Pb(NO3)2

solution by the pulse current technique and used as positive electrode in a hybrid
device in front of a negative AC electrode in 5.3 M H2SO4 solution. The resulting
device showed high-power and fair cycle performances (≈4000 charge/discharge
cycles with 10% energy loss). In the voltage range of 0.8–1.8 V, the PbO2/AC
hybrid system delivered a specific energy density of ≈30 Wh kg−1 at a power
density of 1 kW kg−1 based on the total weight of both active electrode materials
[21] (Figure 8.4).

PbO2 nanowires have shown improved energy density and power capability
compared to thin films, but the benefit of the nanostructure is lost after few cycles
owing to microstructural changes occurring on sulfatation [24] (Figure 8.5).
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Figure 8.4 (a) Discharge behavior of PbO2/AC hybrid capacitor at various discharge cur-
rent densities in H2SO4 solution. (b) Cycle performance of active materials of both elec-
trodes at a charge/discharge current of 2.5 mA cm−2 (4 C rate) in H2SO4 solution. From
Ref. [21].
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Figure 8.5 SEM micrographs of PbO2 (a–d) nanowires and (e) and (f) thin film after cy-
cling in 1 M H2SO4: (a) and (e) as-deposited and (b) 3 cycles, (c) 5 cycles, and (d) and (f)
10 cycles. The deposition charge was 40 C for the PbO2 nanowires and thin film. All sam-
ples were examined in the charged state. Taken from Ref. [24].

An analysis was performed to find a common mathematical expression to
describe how the reactivity of PbO2 thin films and nanowires vary with the
deposition charge and how it evolves with cycling [24]. This was done by assuming
that the reactivity r is given by the following expression

r = a(Qdep)b = Qred

Qdep
(8.7)
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where Qdep is the deposition charge, and a and b are two independent parameters.
For b = 0, the reactivity is constant and independent of the deposition charge.
Hence, Eq. (8.7) translates into

Qred = a Qdep (8.8)

This would be the case for nanowires growing perpendicular to the surface of
the substrate, assuming that the electrolyte has access to the whole surface of the
nanowire. Assuming that the thickness of the reacting layer at the surface of the
nanowire is constant, increasing the length of the nanowires would yield a constant
r value. This is obviously the best-case scenario because the charge that can be
extracted from PbO2, which is given by r x Qdep, would increase linearly with the
amount of material deposited. In contrast, for b = −1, Eq. (8.7) shows that the
reactivity decreases with Qdep. Indeed, b = −1 corresponds to the case where Q red

is fixed and independent of the deposition charge

Qred = a (8.9)

This would be the case of a dense thin film growing in a direction perpendicular
to the substrate surface and whose reactivity is limited to a fixed layer thickness
at the outermost surface close to the film/electrolyte interface. Assuming that the
thickness of the reacting layer is fixed, increasing the thickness of the deposited
layer decreases the reactivity of the layer.

As expected from the previous theoretical calculations, the b value of PbO2

nanowires is closer to 0, while that of PbO2 thin films is closer to −1. However,
after 10 charge/discharge cycles, the a and b parameters for thin films and
nanowires reached the same values and the initial effect of the nanostructured
electrode is completely lost. Thus, the use of H2SO4 as electrolyte is detrimental to
power capability and long-term cycling despite its high ionic conductivity.

Alternative electrolytes such as methanesulfonic acid already used in redox
flowcell [25] can be used in carbon/PbO2 devices, leading to improved cycling
ability [26].

Another strategy for improving the energy density of the carbon/PbO2 hybrid
device is to lower its weight. Indeed, the total weight of the hybrid carbon/PbO2

device is mainly controlled by the weight of the positive electrode and especially the
current collector, which is still based on metallic lead. A substantial gain in weight
can be made by using a carbon-based substrate on which a thick Pb or Pb-Sn film is
deposited. Compared to bulk lead-tin grids, the layered current collector can reach
1/10 in weight with good cycling performance in 5 M H2SO4 [27].

A related concept was developed by Lam and Louey [28] (from CSIRO Energy
Technologies) by adding a carbon-based supercapacitive negative electrode to the
faradic sponge Pb negative electrode (Figure 8.6) to yield what is termed an
ultrabattery. With this design, it is hoped that the carbon-based supercapacitive
negative electrode will enhance the power and lifespan of the lead-acid battery
by acting as a buffer during charging and discharging. To achieve this, hydrogen
evolution from the combined Pb and C negative electrode should be minimized
since it can lead to a permanent loss of water (the same phenomenon could occur
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in valve-regulated lead-acid battery, VRLA) [29]. To achieve this, an additive is
used to reduce the hydrogen evolution current of the carbon-based electrode to
the level typical of the lead-acid negative plate. The ultrabattery with a capacity
of 30 Ah has been demonstrated, with more than 100 000 cycles. A cost analysis
was performed showing significant advantages compared to competing energy-
storage technologies. Again, these ultrabatteries can be produced and recycled
in existing lead-acid battery factories and recycling facilities. An UltraBattery
commercialization and distribution agreement with Japan’s Furukawa Battery
Company and United States manufacturer, East Penn, was signed in 2007 by
CSIRO. This UltraBattery has been used in HEVs (medium HEV and micro HEV)
and the performances have been reported in a series of papers [30, 31], showing
the excellent performances of the design compared to standard VLRA batteries
(Figure 8.6).

8.2.3
Activated Carbon/Ni(OH)2 Hybrid Devices

Hybrid devices based on AC and nickel oxide/hydroxide as negative and positive
electrodes, respectively, in the presence of an alkaline electrolyte has been initially
disclosed by Russian groups at the end of the 1990s [8, 32]. These devices comprised
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the common capacitive carbon electrode and a faradic Ni-oxide-based electrode
similar to those used in Ni-Cd or nickel metal hydride battery. Interestingly, these
systems are commercially available and more information can be found on the
web site of ESMA [33]. More specifically, performance (operating voltage range,
capacitance, energy stored, and internal ohmic resistance) is provided for capacitor
cells. A typical cell voltage for these charged devices is 1.5 V, whereas the capacitance
of a cell varied from 3 to 80 kF. A wide variety of capacitor modules made of these
individual single cells are commercially available.

The use of a nickel hydroxide electrode has been shown to improve the perfor-
mance (larger cell voltage and specific energy) in comparison with a symmetrical
cell where both electrodes are made of carbon. Some information about the char-
acteristics and performance of these systems can be found in a review on ECs
[34]. It should be noted that these devices, similar to the AC/PbO2 device behave
more like a battery than a classical electrical double-layer capacitor. In fact, in the
charge–discharge curves of such a hybrid device, the potential of the AC negative
electrode cycled linearly over a wide potential range, while that of the nickel oxide
positive electrode only slightly varied during charging and discharging. This is
illustrated in Figure 8.7 for devices made of an AC (negative electrode) and Ni
foam/nickel oxide (positive electrode).
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Figure 8.7 Variation in the cell voltage and the individual positive and negative electrodes
during constant current charge/discharge of the hybrid capacitor. Reprinted form Refs. [35].
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The commercialization of the ESMA cell and the interest in the EC have
apparently stimulated more academic work on this system in the past decade
[35–38]. These recent studies mostly focused on preparing nickel oxide by various
methods and using various substrates onto which the metal oxide is deposited.
For example, nickel oxide/hydroxide electrode was prepared by chemical bath
deposition on a Ni foam substrate from a nickel sulfate solution [35]. Alternatively,
hierarchical nickel oxide characterized by flower-like macroporous morphology was
synthesized by a template-directed method based on commercially available block
copolymer [38].

One disadvantage of the hybrid device relative to the symmetrical capacitor is
its lower specific power densities. In one of the earliest studies on the AC/nickel
oxide capacitor, the nickel oxide was mixed with AC in order to enhance the power
density of the device [36]. With this new composite material (AC + nickel oxide),
the rate capability of the hybrid capacitor was slightly improved in comparison with
a system using only nickel oxide as the positive electrode.

Attempts have also been made to improve the energy and power densities of
AC/Ni(OH)2 device by increasing the capacity of the nickel-based electrodes. The
resulting devices still operate in KOH or LiOH but nickel in the positive electrode
is substituted by cobalt, manganese, or zinc, leading to the following electrode
compositions: (Ni1/3Co1/3Mn1/3)(OH)2 [39] or (Ni,Zn,Co)Co2O4 [40]. Alternatively,
the nickel electrode can be completely replaced by nanostructured cobalt hydroxide
[41, 42].

8.2.4
Aqueous-Based Hybrid Devices Based on Activated Carbon and Conducting Polymers

Electronically conducting polymers have been the subject of several studies since
their discovery more than 30 years ago [43]. Some of these studies, a relatively small
number in comparison to the body of literature on conducting polymers, have dealt
with the use of these materials as active electrode materials in ECs. These studies
have been reviewed in the past and the properties and performance of the various
electrode materials will not be discussed here. Rather, this section specifically
focuses on application of conducting polymers in hybrid devices that make use of
an AC as the negative electrode and limited to those based on aqueous electrolytes.
Hybrid systems based on a conducting polymer and electrode materials other than
carbons (e.g., MnO2) are discussed subsequently (Section 8.3.2).

Electronically conducting polymers generated some interest in the 1990s and
their application as active electrode materials in ECs was envisioned because of the
fast faradic redox reactions that occur not only at the polymer/electrolyte interface
but also within the bulk. Consequently, these materials will be characterized by
specific capacitance values higher than that of a capacitive material such as carbon
for which charge storage occurs only at the interface. Thus, these materials have the
potential for high specific energy and power densities. Most of these studies focused
on the study of a single electrode and measurements with complete cells built with
conducting polymers as electrode are limited. Furthermore, in the majority of these
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H

Figure 8.8 Pyrrole, aniline, and phenylthiophene monomers that are the precursors of the
corresponding polymers, polypyrrole (PPy), polyaniline (PANI), and poly(3-phenylthiophene)
(PPT), respectively.

studies, organic-based electrolytes were used. Electronically conducting polymers
used in ECs consisted mainly of three different materials (Figure 8.8), namely,
polypyrrole, polythiophene, and polyaniline derivatives but not limited to them [44].
When conducting polymers were used as both the positive and negative electrode,
a major concern was their stability, especially for polythiophene derivatives that are
prone to degradation when used as negative electrode [45].

It is important to point out that the initial AC/conducting polymer hybrid
ECs were based on organic electrolytes [46–49]. This concept has been proposed
to solve the problem associated with the instability of the negative conducting
polymer electrode.

In the case of aqueous electrolytes, an AC/polyaniline device was developed using
polyaniline as a positive electrode and AC as a negative electrode [50]. Polyaniline
was produced by oxidative chemical polymerization. The hybrid capacitor can
develop a cell voltage of 1.6 V in 6 M KOH electrolyte and can be cycled between 1
and 1.6 V (Figure 8.9), which is the potential range for which polyaniline is in its
p-doped state and conducting form. The energy and power densities of the device,
by taking into account only the weight of the electrode material, were 18 Wh kg−1

and 1.25 kW kg−1, respectively, and improved compared to those of symmetrical
devices.
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Figure 8.9 Cyclic voltammograms for PANI–AC hybrid EC capacitor as function of
cycle number and specific capacitances of PANI–AC hybrid EC capacitor as function of
charge–discharge current density. Reproduced from Ref. [50].
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Table 8.2 Performance of various symmetrical and hybrid electrochemical capacitors.

Electrode materials Supercapacitor characteristics

Positive Negative Umax (V) E (Wh kg−1) ESR (Ω cm2) Pmax (kW kg−1)

PANI PANI 0.5 3.13 0.36 10.9
PPy Ppy 0.6 2.38 0.32 19.7
PEDOT PEDOT 0.6 1.13 0.27 23.8
Carbon Maxsorb Carbon Maxsorb 0.7 3.74 0.44 22.4
PANI Carbon Maxsorb 1.0 11.46 0.39 45.6
PPy Carbon Maxsorb 1.0 7.64 0.37 48.3
PEDOT Carbon Maxsorb 1.0 3.82 0.33 54.1

Reproduced from Ref. [14].

Béguin and coworkers [14] have reported the improved performance for the hybrid
AC/conducting polymer configuration relative to the symmetrical conducting
polymers or AC ECs. In their study, polyaniline, polypyrrole, and PEDOT were
deposited on carbon nanotubes by chemical polymerization of the corresponding
monomers and the performance of the various devices based on these materials
and AC as electrodes can be found in Table 8.2. For these studies, the electrolyte
was either 1 M H2SO4 or 2 M KNO3. It can be seen that the energy and power
densities of the hybrid devices are about twice larger than those of the symmetrical
ones. This is due to the larger cell voltage of the hybrid devices, which can reach
values of 1 V.

Alternatively, molecular hydrid electrodes (PAni + Polyoxometalates) were
synthesized in order to improve the capacitance of the positive electrode in
HClO4-based electrolyte [51].

To the best of our knowledge, aqueous-based hybrid EC using conducting
polymers are not commercially available. Theoretical calculations are provided in
order to design optimized devices [52]. Snook et al. found that the electrode mass
ratios have a significant impact on the swing voltages across the positive and
negative electrodes. Operating a cell at Emax will deliver the maximum specific
energy but involves a trade-off in cycle life. The carbon-based electrode is well
designed for achieving long-term cycling ability, but oversizing this electrode will
lead to a less-than-optimum specific energy of the device. By limiting the swing
on the positive conducting polymer electrode, cycle life is extended as the active
material associated with this electrode is prone to early failure because of volume
expansion and/or degradation during the redox process [52]. Thus, more work and
new ideas are required to enable the development of commercial devices.

Despite interesting energy densities, the power density of aqueous hybrid devices
is still limited by the rate capacity of the battery-type electrode as recently pointed
out by theoretical calculations [53]. For a hybrid battery/capacitor-type device, its
capacity matching ratio and power density increase, while specific capacitance and
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energy density decline when the charge/discharge current density increases. This
is one of the reasons why other asymmetric devices have been investigated, using
EDLC or/and pseudocapacitive electrodes in order to improve the power capability.

8.3
Aqueous Asymmetric Electrochemical Capacitors

The report on the pseudocapacitive behavior of MnO2-based electrodes has given
rise to a tremendous amount of work focused toward the investigation of the charge
storage mechanism, capacitance improvement, cycling ability enhancement, struc-
tural/capacitance relationship, influence of the porosity, and so on, in more than
200 papers since 1999. However, only a few authors have pointed out the limited
electrochemical window of MnO2 in mild aqueous electrolytes such as K2SO4

or KCl. Subsequently, only a few symmetrical MnO2/MnO2 devices have been
fabricated and characterized [13, 54]. The interest in low-cost and environmen-
tally friendly electrodes and electrolytes, together with no-stress manufacturing
processes, is lost when energy and power densities are measured on MnO2-based
symmetrical ECs. A solution to this problem is to use a complementary negative
electrode, thus designing an asymmetric EC with MnO2 as positive electrode. The
use of an AC negative electrode enables designing an asymmetric EC, which looks
like a symmetrical carbon-based EC. The fact that MnO2 behaves as a pseudoca-
pacitive electrode, and not a faradic one as described in the previous section, leads
to an intrinsically better long-term cycling ability and power capability [55].

8.3.1
Principles, Requirements, and Limitations

The principle of asymmetric ECs relies on the use of two capacitive or pseudocapac-
itive electrodes with complementary electrochemical windows (Figure 8.10). As for
hybrid devices, which use a faradic electrode with a capacitive one, the main goal
is to widen the maximum cell operating voltage compared to a symmetrical cell
(Figure 8.10). In a symmetrical cell operating with MnO2 electrodes, for example,
the maximum operating cell voltage is ≈1.0 V. Each MnO2 electrode operates in
a limited electrochemical window of ≈0.5 V (Figure 8.10, dashed area), which
means that the resulting capacitance (F g−1) of the symmetrical device is only one
fourth that of a single MnO2 electrode. The use of a negative electrode with about
the same capacitance as the positive electrode and complementary electrochemical
window (also close to 1 V in the example shown in Figure 8.10) will result in an
increase in the energy density by a factor of 4 without much loss in the power
capability neither in the long-term cycling ability thanks to the capacitive or/and
pseudocapacitive behavior of each electrodes.

Two examples of such asymmetric EC (based on a MnO2 positive electrode) are
depicted in Figure 8.11 and are compared to a symmetrical device using two MnO2

electrodes [54]. Both the energy and power densities are improved compared to the
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Figure 8.10 Schematic drawing of the cyclic voltammograms of an asymmetric EC elec-
trodes in aqueous electrolyte (K2SO4, etc.) operating with a negative activated carbon elec-
trode and a positive pseudocapacitive electrode (MnO2). The gain in operating cell voltage
is depicted.
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symmetrical device. Note that the shape of the asymmetric EC is similar to that of
a carbon-based symmetrical EC.

The main requirements for positive and negative electrodes of the asymmetric
EC are as follows:

1) Complementary electrochemical operating windows, that is, at least the cell
operating voltage must be enhanced by ≈30% to see some effect on the energy
density.

2) Similar capacitance values for the positive and negative electrodes, which will
help balance the electrode weight ratio. A negative effect of disproportional
capacitance values on one of the electrodes is the difficulty in maintaining
each electrode in its own electrochemical stability window upon long term
cycling experiments.
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3) Long-term cycling ability of each electrode that will result in the long-term
cycling ability of the asymmetric EC.

4) Similar power capability of both electrodes in order to achieve high power
density on the resulting device.

Usually, the two last requirements are the most difficult to fulfill. Many com-
pounds have been proposed as potential pseudocapacitive electrodes for ECs but
practically they hardly demonstrated more than a few hundred or few thousand
cycles. Only RuO2 [56], MnO2 [55, 57], and to a less extent Fe3O4 [15, 58] have
proved their good cycling ability, that is, more than 10 000 charge/discharge cycles.

The power capability is less difficult to achieve compared to a faradic battery
electrode but there is often a factor of 2–10 on the time constant of a pseudocapac-
itive electrode compared to an AC-based electrode, which means that the resulting
asymmetric EC cannot be operated below 5–10 s at constant current charge or
discharge.

8.3.2
Activated Carbon/MnO2 Devices

As previously stated, the assembly of AC/MnO2 asymmetric devices was proposed
as a pertinent strategy to overcome the limited voltage window of symmetrical
MnO2 EC. Since the first reports by Hong et al. [11] and Brousse et al. [12], the
concept has been widely validated by different teams so that the feasibility of such
a device is now recognized. Table 8.3 summarizes some of the most interesting
MnO2-based asymmetric devices.

From Table 8.3, it can be seen that combining most of the AC/MnO2 asymmetric
devices are operating at ≈ 2.0 V or even higher (2.2 V). Because of the enhanced
operating voltage, the AC(−)/MnO2(+) combination provides energy densities up
to 28.8 Wh kg−1 (normalized to the total active material mass), nearly 1 order of
magnitude higher than that for symmetrical MnO2 devices, and comparable to
conventional symmetric carbon/carbon ECs that utilize nonaqueous electrolytes.

The long-term cycling stability of the AC/MnO2 asymmetric device has also been
demonstrated by different authors [12, 55, 59, 61– 63] and up to 190 000 cycles are
reported with less than 20% capacity loss (Figure 8.12). Different parameters seem
to influence the cycle life of the manganese dioxide electrode, for example, a steady
mechanical failure of the MnO2 electrode on cycling caused by cyclic volumetric
variations of the oxide particles depending on the pristine MnO2 polymorph [64].
Oxygen evolution reaction is also suspected to affect the electrode/current collector
interface and promote corrosion problems [55], ultimately increasing the equivalent
series resistance (ESR) of the cell.

Another drastic problem is related to manganese dissolution, which leads to a
progressive loss of active material and a subsequent capacitance fade on cycling
[65–67]. This is the reason why, for practical cells, it is important to carefully
balance the mass and capacitance of the positive and negative electrodes in order to
ensure that MnO2 does not exceed its stable electrochemical window when cycled in
the complete asymmetrical cell. For the so-called amorphous MnO2-powder-based
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Figure 8.12 Capacitance (open squares) and resistance (black squares) of a hy-
brid AC–MnO2 cell. Charge/discharge current 40 mA cm−2 between 0 and 2 V, one
charge/discharge cycle during 130 s at the beginning of the test. Ref. [55].

electrode, the potential must be maintained between 0 and 0.9 V vs Ag/AgCl on
cycling in order to avoid Mn4+ reduction and the subsequent Mn3+ dismutation.
An adjustment of electrode masses and maximum cell voltage is also a good
way to achieve long-term cycling [61] but this remains strongly dependant on the
individual performances of each electrode.

Recently, aqueous lithium-based electrolytes (Li2SO4, LiOH) have replaced Na+

or K+ salts [59, 60]. The intercalation of Li+ may be observed in MnO2 or LiMn2O4-
based electrode (Figure 8.13). Up to 20 000 cycles have been obtained with aqueous
Li2SO4, with improved energy density up to 36 Wh kg−1 [60]. However, the presence
of an ‘‘intercalation’’ compound in the electrode combination obviously limits the
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Figure 8.13 (a) Typical charge/discharge
curves of the individual electrode (C) AC
and (B) LiMn2O4 along with (A) a com-
posite voltage profile of the hybrid aque-
ous AC/LiMn2O4 a 1 : 1 mass load ratio of
AC/LiMn2O4 at a current rate of 3 mA/cm2

in 1 M aqueous Li2SO4. (b) Ragone plots
of the AC/LiMn2O4 hybrid cell with a mass
ratio of 2 : 1 between 1.8 and 0.5 V. The
energy densities and power densities are cal-
culated using the total weight of the active
electrode materials. From Ref. [60].
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power capability (Table 8.3), with charge/discharge cycles obtained in a few minutes
rather than a few seconds.

Electrolyte formulation has also been investigated in order to improve the
operating temperature range, especially on the low-temperature side. Indeed,
transportation applications required operating temperatures as low as −30 ◦C,
which are difficult to achieve with neutral aqueous electrolytes. Highly concentrated
nitrate solutions help fulfill this requirement, as recently reported [68, 69].

For electrolyte formulation, not only alkaline cations can be used, as a recent
study reported more than 5000 cycles for a 2 V AC/MnO2 cell operated in alkaline
earth nitrate aqueous electrolyte (Mg2+, Ca2+, and Ba2+) [70].

The incorporation of MnO2 electrodes into asymmetric cell configurations opens
the way for safe aqueous-based ECs that deliver technologically relevant power
and energy densities. Aqueous-based ECs present several advantages for device
manufacturing: low-cost and environmentally friendly materials and components,
no need for special atmospheres during cell assembly, and the use of simple
nontoxic salts (e.g., Na2SO4). High-capacitance AC (−)/MnO2 (+) asymmetric
capacitors (300–700 F) were recently assembled using this technology [55], even if
commercial products are not available at the moment (Figure 8.14).

Owing to its proven long-term cycling ability, asymmetric AC/MnO2 ECs are
extensively investigated. The main challenges are the improvement of both AC and
manganese dioxide electrodes and the use of alternative electrolytes and current
collectors.

This concept has also opened the way for other asymmetric ECs, taking advantage
of the MnO2 positive electrode.
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8.3.3
Other MnO2-Based Asymmetric or Hybrid Devices

Asymmetric MnO2-based ECs can be operated with an alternative negative elec-
trode, one with a useful electrochemical window complementary to that of MnO2

(i.e., with a lower cutoff potential below 0 V vs Ag/AgCl). Apart from AC, materials
that can satisfy this requirement in mild aqueous electrolytes include iron-based
oxides (e.g., Fe3O4, FeOOH, or LiFeO2) [15, 72, 73], titanium phosphates [74],
and conducting polymers (e.g., polyaniline, poly(3,4-ethylenedioxythiophene) [14].
Some examples are given in Figure 8.15.

The main drawback of these devices is their low ability to fulfill long-term cycling
operations, due to the alternative negative electrode. However, such an electrode can
significantly improve the overall cell energy density if it demonstrates capacitance
twice or greater compared to an AC electrode in a neutral aqueous electrolyte.
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Figure 8.15 (a) Cyclic voltammograms in
a three-electrode cell of manganese oxide
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in 0.1 M K2SO4. From Ref. [15]. (c) CV

curves of MnO2 –FeOOH hybrid superca-
pacitor at different scan rates within volt-
age range of 0–1.85 V, varying from 10,
20, to 30 mV s−1. from Ref. [72]. (d) Typ-
ical charge/discharge curves of individual
electrode (A) carbon-coated LiTi2(PO4)3
and (B) MnO2 along with (C) a compos-
ite voltage profile of the LiTi2(PO4)3/MnO2
hybrid aqueous cell at a current rate
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Ref. [74].
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8.3.4
Carbon/Carbon Aqueous Asymmetric Devices

The concept of an asymmetric EC using two carbon electrodes has been reported in
a series of papers using different designs [75–77]. Basically, the positive electrode is
different from the negative electrode from the nature of the carbons (i.e., graphite
as the negative and AC as the positive [75]) or from its pore size distribution [77].
However, it is only recently [78–81] that asymmetric carbon devices were proposed
in aqueous media (Figure 8.16). In these devices, charging the electrical double layer
is not the only mechanism, unlike what occurs with ACs in an organic electrolyte. An
additional pseudo-faradic redox contribution involving oxygenated functionalities
plays an important role in aqueous medium. The redox reactions are potential
dependent and affect the performance of the positive and/or negative electrode in
a different way, depending on the electrolyte. The equilibrium potential and the
potential window of the electrodes are also controlled by oxygenated functionalities.
These functionalities can be adjusted by the mean of controlled thermal treatments
adapted to the carbon type.

Thus, it is possible to choose different optimized carbons as positive and negative
electrodes to improve both the electrode capacitances and the cell voltage, which
exceeds 1 V as usually observed for symmetric carbon/carbon EC in aqueous media
[17]. As the positive and the negative electrodes have different electrochemical
windows and different capacitances, their masses must be correctly balanced to
optimize the asymmetric carbon device. Practically, the cell voltage can be increased
up to 1.6 V by an appropriate design of carbons since the potentials of H2 evolution
and destructive oxidation of AC can be shifted to negative and positive potentials
[79]. Energy density as high as 40 Wh kg−1 of carbon can be obtained (Figure 8.16).
Excellent cycle life – up to more than 10000 cycles – have been demonstrated in 1
M H2SO4 electrolyte [78, 79].

Moreover, the acidic medium can be replaced by a neutral aqueous electrolyte
such as 1 M Na2SO4, keeping high energy density and excellent cycling ability
[80, 81]. Hence, the carbon-based aqueous asymmetric EC presents improved
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Figure 8.17 Redox process of anthraquinone
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Cycling voltammograms at 100 mV s−1 of a
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The initial cyclic voltammogram is shown in
bold, while the dashed curve was recorded
following immersion in benzene for 15 min
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zene. From Ref. [90].

performances and can be fabricated in a safer environment and at a lower cost
compared to EDLC in nonaqueous electrolytes.

Another interesting way to improve the capacitance of one of the carbon electrodes
is to modify the carbon surface by chemical modification. More precisely, the
covalent attachment of reversible redox moieties can add an extra faradic capacitance
to the double-layer capacitance of ACs. The chemical grafting of organic radicals
on carbon can be achieved by using standard diazonium chemistry [82–85] that
was already reported and patented.

The usefulness of controlling carbon surface in aqueous-based ECs was demon-
strated with sulfonated groups, which limit ionic depletion, and subsequently
resistance increase, on charging/discharging the cell [86]. In aqueous electrolytes,
anthraquinone (AQ) moieties were grafted (Figure 8.16) on different types of
carbons: AC [87, 88], carbon fabric [89], or carbon black [90, 91]. The electrode
capacitance can be nearly doubled [86] by superimposing the faradic contribution
to double-layer capacitance as shown in Figure 8.17. The use of different sur-
face functionalities for the positive [92] and negative electrodes leads to improved
asymmetric ECs in aqueous electrolytes [93].

8.3.5
Carbon/RuO2 Devices

It is not only MnO2 that has been envisioned as the positive electrode in asym-
metric aqueous-based devices. Taking advantage of the high capacitance of RuO2
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14.3 mg; 20 mV s−1) and a Ru oxide elec-
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capacitor (open circles; Vinitial = 1.0 V),
both in 1 M H2SO4 (aqueous). The open
triangles show the data for the symmetric
Ru oxide device with the power values di-
vided by a mass of 23.6 mg. All values
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pseudocapacitive electrode, several authors have aimed at the design of asymmetric
carbon/RuO2 devices [94–96]. In order to compensate the high capacitance value
of RuO2 pseudocapacitive electrode, an AC electrode was doped by redox surface
radicals [87, 89, 90] using diazonium chemistry. The resulting device is depicted
in Figure 8.18. The lower potential limit of the composite negative electrode
(AC + AQ) extends the cell voltage from 1.0 to 1.3 V and as a result improved
energy densities are reached with the asymmetric EC.

A similar cell voltage increase is achieved with an asymmetric EC using a negative
graphite electrode and a positive RuO2 electrode in H4SiW12O40 (SiWA) electrolyte.
An increase in capacitance was also observed in that case and could be attributed
to a pseudocapacitance from the reduction/oxidation of SiWA [95, 96].

On the basis of the same principle, a negative AC electrode combined with a
positive pseudocapacitive electrode such as V2O5, several other devices have been
proposed, exhibiting improved energy densities compared to symmetrical aqueous
devices. However, their long-term cycling ability was not clearly established as only
a few hundred cycles are usually shown in the related papers [97, 98].

As an alternative to aqueous hybrid cell and asymmetric ECs, a device was
proposed some years ago, combining the technology of RuO2-based ECs and
tantalum electrolytic capacitors [16]. This device is depicted in the subsequent
section.
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Figure 8.19 (a) The picture of a tantalum oxide–ruthenium oxide hybrid capacitor made
by Evans Capacitor Company. The capacitor is rated as 36 mF and 16 V. (b) Potentials of
cathode and anode electrodes during a DC current cycle at 10 mA at 300 K. The time scale
is 20 s per division. From Ref. [16].

8.4
Tantalum Oxide–Ruthenium Oxide Hybrid Capacitors

The principle of the device proposed by Evans et al. [16] is a hybrid capacitor that
is constructed with a pressed and sintered tantalum powder electrode as the anode
and two RuO2 films on Ta foil substrates as the cathode [99–101]. Concentrated
(38 wt%) H2SO4 solution is used as the electrolyte. The resulting device combined
the high capacitance of the RuO2 electrode (with limited potential window) and
the high-voltage operation of the dielectric tantalum-based capacitor (Figure 8.19).
As a result, both energy and power densities are optimized. The device stores less
energy than a standard AC EC, but fulfill the requirements of space or military
electronic devices that need high rates operation, and can be operated from −50
up to 85 ◦C or more.

Products are available from Evans Capacitor Company [102] with different rated
voltage and capacitance, from 10 V up to 175 V.

8.5
Perspectives

Aqueous-based hybrid ECs are basically of two types: those using a battery-type
electrode such as carbon/PbO2 (hybrid device) and those that take advantage of the
combination of EDLC and pseudocapacitance such as carbon/MnO2 (asymmetric
devices).

Hybrid devices are already commercially available. They combine high energy
density compared to standard ECs with long-term cycling ability, which makes
them pertinent for applications where repeated energy released is needed such as
HEVs. However, they suffer from limited power capability, which limits their use
in systems where charge/discharge must be performed within a few minutes but
not a few seconds. Nanostructured materials can be helpful to promote the power
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capability of the faradic electrode but the structural and microstructural changes
occurring on cycling can cancel the effect of the nanostructuration depending on
the electrolyte.

Improved power capability is achieved with aqueous asymmetric ECs, which use
EDLC and/or pseudocapacitive electrodes. At the moment, there is no available
commercial device to our knowledge. However, the performances of carbon/carbon
or carbon/MnO2-based systems will probably give rise to a new generation of cheap
and environmentally friendly ECs. The main research directions are the increase
in electrode capacitance coupled with a widening of the cell voltage by tuning gas
evolution reactions.

In both cases, the use of aqueous electrolytes is a major advantage for manufac-
turing the devices as low-cost materials and processes can be used. In addition, the
resulting hybrid or asymmetric capacitors can be operated more safely regarding
their electrothermal behavior and the low environmental impact of electrolyte
vapors in case of cell burst-out.

Despite these advantages, efforts have to be performed in order to optimize all the
cell components including electrolyte formulation for low-temperature operations
and current collectors resistant to oxidation in aqueous media.

References

1. Simon, P. and Burke, A. (2008) The
Electrochemical Society Interface, Spring,
pp. 38–43.
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Sécurisés, La lettre des techniques de
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9
EDLCs Based on Solvent-Free Ionic Liquids
Mariachiara Lazzari, Catia Arbizzani, Francesca Soavi, and Marina Mastragostino

9.1
Introduction

EDLCs are supercapacitors featuring two high-surface-area porous carbon elec-
trodes and an electrolyte are electrochemical energy storage systems that are
electrostatically charged by separation of charge at both the electrode/electrolyte
interfaces. They store charge in the double layers without chemical reactions and
physical changes in the electrode material bulk and, hence, the charge/discharge
process is highly reversible and fast. This implies the advantage of high power
and long cycle life (at least 300 000 cycles). The maximum energy (Emax) of
supercapacitors, delivered between Vmax and Vmax/2, is calculated according to
Eq. (9.1),

Emax = 3

8
CSC V2

max (9.1)

where CSC is the supercapacitor capacitance expressed in F and Vmax the maximum
cell voltage in V. The maximum power (Pmax) is given by Eq. (9.2),

Pmax = V2
max

4ESR
(9.2)

where ESR is the equivalent series resistance in � [1, 2].
Since the first patents on supercapacitors appeared, EDLCs have been largely

used in consumer electronic products and in uninterruptible power supply (UPS)
systems. Worldwide demand for ‘‘clean’’ energy in the past few years has fostered
the interest in supercapacitors for applications in grid-connected renewable energy
plants, so as to enhance grid reliability by buffering the small and rapid (≤ minute)
fluctuations, and in sustainable transportation. EDLCs are also being increasingly
exploited in hybrid diesel-electric seaport cranes, where they enable size reduction
of the diesel engine and capture energy otherwise wasted as heat in the down
movement of heavy containers [2–4].

In transportation, supercapacitors can store energy from regenerative braking
and provide and/or assist power train in heavy electric vehicles (EVs) and hybrid-
electric vehicles (HEVs) of limited driving range with frequent stop-and-go, such

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 9.1 Simulated performance of a commercial 2.7 V-EDLC under USABC-DOE tests
for a power-assist HEV and expected performance with Vmax rise to 3.7 V and a threefold
increase in capacitance; the DOE target is also reported [6].

as in city transit buses and trash and delivery trucks [2–5]. Much effort is currently
being devoted to the development of electrochemical energy storage systems for
power-assisted HEVs. The requirements stated by the United States Advanced
Battery Consortium and Department of Energy (USABC, DOE) for electrochemical
systems in power-assisted HEVs are discharge pulse power of at least 625 W kg−1

for 10 s with a total available energy of 7.5 Wh kg−1, energy efficiency >90%,
operating temperature range −30/52 ◦C and safety, which is the primary target.
EDLCs intrinsically meet such requisites with the exception of the energy target.
Indeed, the best performing commercially available EDLCs, which operate in
organic electrolytes with Vmax of 2.7 V, feature a maximum specific energy of
5 Wh kg−1. In effect, an increase in EDLC energy would give them a competitive
edge over the lithium-ion batteries for HEVs because of the additional advantages
of higher safety and longevity the former should provide [6, 7].

Figure 9.1 reports the energy available for 10 s discharge pulses at different
power ratings and shows that EDLCs on the market currently do not meet the
USABC-DOE energy requisites for power-assisted HEVs, requisites that could be
met by a threefold increase in capacitance or by an increase in Vmax up to 3.7 V [6].

Given the energy increases with Vmax and CSC, the electrolyte electrochemical
stability window (ESW) and carbon morphology play crucial roles. Much effort has
been focused over the past decade on developing new electrolytes that exhibit higher
thermal stability and greater electrochemical stability than those of conventional
organic electrolytes. Research has also devoted much time to designing high-
performing carbon materials by several synthetic methods that yielded a wide
variety of carbons in terms of porosity and surface chemistry.

The most promising approach to increasing Vmax in EDLCs is the use of ionic
liquids (ILs) as electrolytes. ILs, which are room-temperature (RT) molten salts,
feature a wide ESW together with good conductivity and negligible vapor pressure
[8–10]. Solvent-free ILs are viable electrolytes for increasing Vmax as high as
4 V and for developing high-energy EDLCs capable of working above RT in safe
operating regimes. Furthermore, in order to achieve high capacitance response, the
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carbon electrodes have to be properly designed to operate in ILs, and, hence, their
characteristics must be tailored to proper porosity and surface chemistry [10–12].

9.2
Carbon Electrode/Ionic Liquid Interface

The carbon/IL interface in solvent-free ILs is not mediated by any solvent, and,
hence, the structure of the double layer is different from that in conventional
electrolytes, where solvent molecules separate electrode surface charges and elec-
trolyte counterions, with the solvent properties strongly affecting the double-layer
characteristics [13–16].

Given that carbon is a semiconductor, when the carbon electrode is polarized,
the charge distribution extends into the bulk (space-charge region) and a double
layer in the solid part of the electrode (Cc) is formed. Thus, the total electrode
capacitance is given by Eq. (9.3)

1

C
= 1

Cc
+ 1

CIL
(9.3)

where CIL is the capacitance in the liquid part of the electrified carbon electrode/IL
interface [1, 16, 17].

The carbon electrode/IL interface is far from being well known, and studies have
mainly been conducted on the metal/IL interface. However, assuming that the
IL structure in the vicinity of the electrified electrode is not much affected by the
nature of the latter, the results of the metal/IL interface studies can be extrapolated
to the carbon/IL interface. Several studies suggest that at low electrode polarization
this interface may be described by a simple Helmholtz model, which considers
that the electrode charge is completely counterbalanced by a monolayer of ions
located at the closest distance from the surface (compact layer). Capacitance (CH)
depends on IL chemistry and is given by Eq. (9.4)

CH = k0εA

δdl
(9.4)

where k0 is the vacuum permittivity (8.85 × 10−12 F m−1), A the surface area of the
carbon electrode involved in the double-layer, ε the IL dielectric constant, and δdl the
double-layer thickness, which in turn is affected by size, orientation under electric
field and polarizability of the IL ions. This model was proposed on the basis of
sum frequency generation vibrational spectroscopy and electrochemical impedance
spectroscopy results, which showed that the arrangement of ions at a Pt/BMIMBF4

interface involve only one ion layer [18, 19]. Here, the orientation of the IL ions under
the applied electric field and their stereochemistry are important in determining
the double-layer thickness. Indeed, conformational studies by Fourier transform
infrared (FT-IR) spectroscopy prove that in imidazolium-based ILs the plane of the
imidazolium ring is normal to the surface at positive electrode polarization and
becomes aligned more parallel to the surface plane at negative electrode polarization
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[20]. However, at high electrode polarization the high surface charge density can
be compensated by a multilayer arrangement of alternating charges [18, 19].

In certain cases, it is the intrinsic nature of the IL that determines a sort of ‘‘self-
arrangement’’ in multilayers of alternating ions even at low electrode polarizations,
as in the case of Pt/BMIM DCA [21]. Even recent computational studies suggest
complex multilayer models for the double layer in the metal/IL interface. At wide
electrode potential excursion, a model with a second layer of ions of the same sign,
eventually with further layers for full compensation of the high surface charge
density, is suggested [22].

The effect of the IL chemistry and temperature on the structure of the double
layer has been investigated at glassy carbon (GC) electrodes and the results also
show the role of ion association on electrode capacitance [15]. The fact that the
double layer is affected by the nature of the IL has even been proved by studies
of the capacitance response of negatively charged, high-surface-area, mesoporous
carbons tested in the EMITFSI and PYR14TFSI ILs [14, 23]. All the carbons displayed
pore-size distributions centered at values wider than 2 nm. Figure 9.2 shows that
at 60 ◦C each carbon electrode displays a significantly higher specific capacitance
in EMITFSI than in PYR14TFSI. This cannot be explained by a different accessible
surface area of the carbons for the double-layer formation in the two ILs because
the maximum size of the EMI+ and PYR14

+ counterions involved in the double
layer is not very different, that is, less than 1 nm and smaller than the main pore
size of the carbon electrodes. The different capacitance in the two ILs is thus
related to the different dielectric constant and thickness of the double layer, which
are in turn related to the different properties of EMITFSI and PYR14TFSI at the
interface. While unambiguous values of the dielectric constant at the interface are
not available, EMI+ can delocalize the positive electric charge in the imidazolium
ring and its dipole moment is presumably higher than that of the PYR14

+, which
features the electric charge in the sp3 nitrogen atom. Consequently, the former
should provide a higher dielectric constant in the double layer than the latter, with a
positive effect on the electrode capacitance. The reorientation of the PYR14

+ under
the electric field is also hindered with respect to EMI+’s, both because of the strong
interaction of the cation with the TFSI− anion and of the steric hindrance of its
alkyl groups [24]. The double-layer thickness δdl should thus be wider in PYR14TFSI
than in EMITFSI and electrode-specific capacitance lower in the former than in the
latter.

9.3
Ionic Liquids

ILs are generally characterized by low melting points, large liquid range extending
even below RT, and very low vapor pressures; they are nonflammable and feature
decomposition temperatures higher than 400 ◦C. ILs also display wide ESWs and
good conductivities over RT, thereby giving a chance to develop safe, ‘‘green,’’ high-
voltage EDLCs free of toxic and/or flammable organic solvents and able to operate
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Figure 9.2 Specific capacitance (Cdl) of carbon electrodes versus specific surface area from
pores >1.5 nm (S>1.5 nm). Cdl is evaluated from cyclic voltammetry at 60 ◦C and 20 mV
s−1 in the potential domain −2.1/−0.2 V versus Fc/Fc+ in EMITFSI (solid square) and
PYR14TFSI (open square) [23].

even at high temperature regimes (60–80 ◦C) that are not feasible for the EDLCs
on the market, which operate with acetonitrile- and propylene-carbonate-based
electrolytes [8–10].

ILs are generally composed of large unsymmetrical ions, the nature of which
determines their chemical/electrochemical and physical properties. Table 9.1 sum-
marizes the values of key properties for IL selection in EDLC applications, including
molecular weight, melting/freezing point (evincing IL aptitude for supercooling),
conductivity and ESW evaluated at smooth GC or Pt electrodes. The chemical
formula of ions yielding ILs are shown in Figure 9.3.

Small anions such as BF4
− yield ILs with large cations such as imidazolium,

pyridinium, and piperidinium, while larger anions such as TFSI− provide ILs with
many more cations. IL density values are generally in the range of 1.2–1.5 g ml−1,
excluding ILs based on DCA− anion, which show values lower than 1 g ml−1; the
viscosity values of ILs are significantly higher than those of aqueous solutions. ILs
at RT feature conductivities of 0.1–14 mS cm−1, which can even be two orders of
magnitude lower than those of aqueous electrolytes (400–700 mS cm−1), but of
the same order as those of organic electrolytes such as tetralkylammonium salts
in propylene carbonate, which feature 11 mS cm−1. However, IL conductivities
at 60–80 ◦C exhibit values of 20–30 mS cm−1, an increase related to temperature
dependence on IL viscosity and the ionic diffusion coefficient, which affect the
conductivity after the Vogel–Tammann–Fulcher exponential equation [9].

The ‘‘free space model’’ is the best way of describing IL conductivity. This model
is based on the observation of large volume variations (20–30 vol%) upon the
melting of these salts. It assumes that there are empty spaces in the molten salts
and suggests that conduction occurs via redistribution of the ions through free
volumes that are constantly fluctuating in size because of the thermal motions,
which increase with temperature. Conductivity is also influenced by the chemistry
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Figure 9.3 Chemical formula of ions yielding ILs.

of the IL ions and their interaction. If sufficiently long-lived, ion pairs appear neutral
in the electric field and cannot contribute to conductivity [9–32]. The question of
‘‘how ionic an IL is’’ is thus of great importance. A qualitative approach based on
the Walden rule (�η = κ , where � is the molar conductivity, η the viscosity, and
k a constant) has been pursued and logarithmic Walden plots of several ILs built
and compared with a reference plot of a 0.01 M KCl aqueous solution. The log � vs
log η linear plots show two IL limit behaviors: one, exemplified by PYR12DCA, lies
quite close to the 0.01 M KCl plot and suggests that the IL is made up of almost
independently mobile ions; the other, exemplified by P6,6,6,14CYC, lies significantly
lower than the reference line and corresponds to an ionicity of about 4%, a very
low rate indicating that P6,6,6,14CYC is intermediate between a true IL and a true
molecular liquid [33].

Several ILs are very stable with regard to electrochemical reduction and oxidation
and show ESWs higher than 5 V. ESW values are determined by the ions
composing the IL, with the cations mainly influencing the negative potential limit
and the anions the positive one. In order to guarantee long cycle life of IL-based
supercapacitors, a very important role is played by the hydrophobicity of these salts,
which primarily depends on the chemistry of the anions and then of the cations.
As anions change, hydrophobicity increases in the order CF3CO2

−, CH3CO2
−

(hydrophilic) < Tf, BF4
− < PF6

−, TFSI (hydrophobic), while the cation effect is
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modulated by the alkyl chain length of the substituent groups and hydrophobicity
increases with the chain length [34]. Although ILs based on imidazolium and
pyrrolidinium cations with BF4−, Tf−, TFSI−, FSI−, and PF6

− anions are the most
investigated for EDLC applications, some studies have been also performed on
ILs based on asymmetric quaternary ammonium, phosphonium, and sulfonium
cations [25, 26, 35].

Several studies have investigated the use of ILs as salts in organic solvents
such as acetonitrile, propylene carbonate, and γ -butyrolactone. The replacement of
conventional solid ammonium salts with ILs makes possible highly concentrated
electrolyte solutions with wider ESW than those of conventional electrolytes. The
presence of organic solvents yields better conductivity than neat ILs. As this
chapter is devoted to EDLCs based on solvent-free ILs, for supercapacitors with
mixed IL/organic solvent electrolytes see [36–41].

Note that the use of high-surface-area carbon electrodes narrows ESW values
estimated on smooth electrodes. For example, the PYR14TFSI ESW of 5.5 V is
reduced to 4.2 V when high-surface-area carbons are used [12]. ESW is not the
only parameter guiding the choice of IL for EDLC applications, and conductiv-
ity and melting point are also important. As shown in Table 9.1, even if the
asymmetric quaternary-ammonium-based ILs display notably wide ESWs, they
generally feature melting temperatures higher than those of other ILs, which
limits their use at high temperatures. Indeed, the melting process reflects on IL
conductivity, which marks the temperature limit for its application in EDLCs.
Imidazolium-based ILs are among those with the highest conductivities: EMITFSI,
for example, features about a 10 mS cm−1 conductivity at RT. However, the ESWs
of imidazolium-based ILs are not very wide compared to other ILs because the
acidic proton of the imidazolium ring limits the cathodic stability potential, which
is the main obstacle to the practical use of imidazolium-based ILs in high-voltage
EDLCs. Wide ESWs are displayed by pyrrolidinium-based-ILs such as PYR13FSI,
which matches a wide ESW to good conductivity at RT, although it melts at
−17 ◦C and its use in EDLC applications is limited at temperatures over 0 ◦C
[28, 29]. The most promising strategy for decreasing the melting temperature of
pyrrolidinium-based-ILs is the introduction of methoxyethyl substituent in the
pyrrolidinium ring as in PYR1(2O1)TFSI that remains liquid down to −90 ◦C
[30, 31].

The use of ILs for large-size EDLCs involves attention to specific weight and the
cost of these electrolytes. Generally speaking, ILs feature high molecular weight,
especially the TFSI-based ILs, although they are also the most hydrophobic. A key
issue in the design of carbon electrode porosity is thus to avoid excess IL in the
system. The challenge is to design ILs that feature a wide ESW together with high
conductivity in a wide temperature range and as low a molecular weight as possible
by tailoring the chemistry of the ions. In the past few years, many companies have
moved to IL production and marketing, and several ILs can be purchased at a high
purity level, although the prices are still high.
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9.4
Carbon Electrodes

The use of hydrophobic ILs implies tailored morphologies of the carbon electrodes
in terms of porosity and surface chemistry. For electrode capacitance responses
>100 F g−1, the carbons should display a high surface area easily accessible to the
ILs. If an average value of 20 µF cm−2 is assumed for the carbon in ILs, electrodes
with accessible surface area >500 m2 g−1 should thus be used [42].

The down-limit size of the accessible carbon pores has been investigated by
testing a series of carbide-derived carbons of comparable Brunauer, Emmett, Teller
(BET) surface area (1100–1600 m2 g−1) but with different average pore widths
in the range 0.65–1.10 nm [43]. The tests were performed in EMITFSI, whose
cations and anions in their widest sizes are 0.76 and 0.79 nm, respectively. The
maximum capacitance response of 160 F g−1 was found for the carbon electrode
featuring an average pore width of 0.7 nm, a value close to the size of the IL ions.
Therefore, carbon pore size perfectly adapted to ion size was suggested as the most
efficient way to maximize capacitance. The behavior of ions in the confined space
of nanopores and the effect on the performance of EDLCs was further investigated
by using both pore-controlled carbons with narrow distribution of pore size and
ILs of increasing size [44]. This latter study demonstrated that under the effect of
the electric field a distortion of the ions may occur owing to electrode polarization
in relation to their flexibility, and therefore electrode pore size slightly lower than
that of the ions may be effective for the double-layer charge process.

It is worth noting that compared to the high current density involved in the EDLC
applications, these results were obtained at relatively low current regimes (5 mA
cm−2 in the case of the galvanostatic tests in Ref. [43] corresponding to 0.3 A g−1)
and scan rates (1 mV s−1 in the case of voltammetry tests in Ref. [44]). In practice,
it should thus not be of great advantage to design carbon electrodes with pores
of the same size as cations or anions because carbons with not easily accessible
surface area should display high charge resistance and poor charge/discharge rate
capability. For a fast counterbalance of the electrode charge, the carbons should
display the ions already present in the pores, and the best carbon design for
exploiting all the feasible charge on the carbon surface in ILs should imply pore
size higher than 2–3 nm to coat the pore walls with at least an IL monolayer. Such
pore size should prevent charge limitation by the electrolyte side at wide electrode
polarizations, which implies a multilayer arrangement of ions. However, pore size
should not exceed 8–10 nm to avoid high pore volume (>1 cm3 g−1), which is
detrimental to such intrinsic carbon properties as conductivity and charge storage
capability because it reduces pore wall thickness. Furthermore, high pore volume
lowers the volumetric capacitance of the carbon electrodes and involves excess
electrolyte, which negatively affects the EDLC weight [10, 17, 45–47].

High capacitance response requires good wettability of the carbon electrodes by
ILs and, hence, carbon surface chemistry plays a crucial role. As hydrophobic ILs
are required for long-cycling stability of EDLCs, the hydrophilic groups usually
found in high-surface-area activated carbons should be removed. Indeed, it has
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been demonstrated that the double-layer capacitance of an activated carbon in the
hydrophobic EMITFSI and PYR14TFSI significantly increased after heat treatment
at about 1000 ◦C in Ar atmosphere that removed the functional groups [14].

It is known that oxygen- and nitrogen-rich functional groups can yield reversible
faradic reactions in conventional protic electrolytes, thereby producing pseudoca-
pacitive effects that increase the carbon capacitance responses [1, 48, 49]. Indeed,
an enhancement in the capacitance of activated carbons was recently observed
after their oxidative treatment by HNO3 even in protic ILs such as pyrrolidinium
nitrate and pyrrolidinium formiate [50]. However, the main concerns about these
pseudocapacitive functional groups still remain the electrode stability over several
thousand cycles.

Materials such as activated carbons, cryo/xerogel carbons, carbon fibers, template
carbons, and carbon nanotubes (CNTs) have been investigated in different ILs [11,
12, 23, 35, 51–57]. While the capacitance values of high-surface-area, microporous
activated carbons are all significantly higher than 100 F g−1, the data are not of
straightforward comparison because they are referred to different operational con-
ditions. Mesoporous cryo/xerogel carbons featuring tunable pore-size distribution
by chemical synthesis display relatively high specific surface areas and hydropho-
bic surfaces as well as specific capacitance values >100 F g−1 in EMITFSI and
PYR14TFSI even at a sweep rate as high as 20 mV s−1 [11]. Template synthesis
of mesoporous carbons enables very good control of carbon porosity. Carbons
prepared from ordered silica template [48, 49, 58] exhibit highly ordered struc-
tures and have the advantage of regularly interconnected micro- and mesopores.
However, synthesis is not easy and is relatively expensive, a fact that may limit
the use of these carbons. Disordered template carbons prepared from an MgO
template mainly feature the same promising properties as the ordered ones, with
the advantage of a relatively fast and low-cost synthesis [59]. CNTs, very appealing
materials for the electronic properties enabling very high power capability, usually
feature lower specific surface area than more conventional carbons and, hence,
lower capacitance values. A surprisingly high capacitance value in EMITFSI is
reported for a very thin electrode composed of activated vertically aligned CNTs
[56]. The cost of CNTs is currently high and this limits their use in EDLCs.

9.5
Supercapacitors

IL-based electrolytes represent a promising strategy for increasing operating cell
voltage, and, hence, specific EDLC energy without sacrificing power. And, given that
ILs are not volatile and nonflammable electrolytes, they can also increase operating
temperature range above RT and safety. Unlike IL-based supercapacitors, the
EDLCs on the market with acetonitrile or propylene-carbonate-based electrolytes
have shown a capacitance loss and resistance increase during accelerating aging
tests under extreme conditions (elevated cell voltage up to 3.5 V or temperature
above 70 ◦C) due to formation of electrolyte degradation products in the porosity of
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the electrodes. Can opening at the predesigned safety valve was also observed owing
to the increase in internal pressure [60, 61]. The successful use of wide ESW ILs
in EDLCs was demonstrated by a supercapacitor assembled with PYR14TFSI and
a commercial activated carbon of capacitance < 100 F g−1 [51]. This PYR14TFSI-
based-EDLC featured high cycling stability over several thousand galvanostatic
charge–discharge cycles at cell voltages above 3 V and at 60 ◦C. According to Eqs.
(9.1) and (9.2), the Emax and Pmax values at Vmax of 3.2 V were 20 Wh kg−1 and 7 kW
kg−1 (considering the electrode materials only), and coulombic efficiency was 100%
at more than 10 000 cycles. A further increase of Vmax to 3.5 V decreased coulombic
efficiency to 95%, a value too low to guarantee the long cycle life required by EDLCs.
This shows that the symmetric cell configuration of the PYR14TFSI-based-EDLC,
which has the same carbon loading at both electrodes, does not make it possible to
exploit the whole ESW of PYR14TFSI IL.

Figure 9.4 shows the potential excursions of EMITFSI, PYR14TFSI, PYR14Tf and
PYR1(2O1)TFSI that are exploitable for IL-based carbon supercapacitors as evaluated
by cyclic voltammetry (CV) at 60 ◦C and 20 mV s−1 with high-surface-area carbon
electrodes. The potential limit versus Fc/Fc+ for the positive electrode is 1.6 V, and
that for the negative electrode is −2.1 V for EMITFSI, −2.6 V for PYR14TFSI and
PYR14Tf and −2.4 V for PYR1(2O1)TFSI. ESWs that are exploitable for high-voltage
supercapacitors with such ILs are thus 3.7 V for EMITFSI, 4.2 V for PYR14TFSI
and PYR14Tf and 4.0 V for PYR1(2O1)TFSI. Given that the typical potential of
the discharged carbon electrodes is about −0.1 V versus Fc/Fc+, the maximum
potential excursion of the positive electrode (	V+) upon charge is 1.7 V. This value
is narrower than that feasible with the negative electrode (	V−), which is 2.0 V
in EMITFSI, 2.5 V in PYR14TFSI and PYR14Tf and 2.3 V in PYR1(2O1)TFSI [11,
12]. Thus, if we assume the same specific capacitance for the positive and negative
electrodes in a symmetric configuration of EDLC, where the two electrodes have the
same carbon loading, the maximum potential excursion for the negative electrode
with these ILs would be limited by that of the positive, as is shown by Eq. (9.5)

	V− = C+w+	V+
C−w−

(9.5)

where C+, w+ and C−, w− are the specific capacitance and carbon loading of the
positive and negative electrode, respectively. In other words, symmetric EDLCs
would operate up to 3.4 V with these ILs and, in the case of PYR14TFSI, do not
take full advantage of the electrolyte’s wide ESW. A good strategy to exploit the IL’s
wide ESW is to assemble the supercapacitor with different loadings of the same
carbon at the two electrodes, an asymmetric EDLC configuration labeled AEDLC
hereinafter. Indeed, AEDLCs make it possible to charge each electrode up to the
limit potential defined by IL stability and, hence, to reach maximum cell voltages
significantly higher than those achievable with symmetric EDLC configurations.

AEDLCs featuring different carbon electrodes and ILs were tested. PYR14TFSI-
based AEDLCs with xerogel carbon electrodes featuring capacitance responses
of 110–120 F g−1 were cycled at 60 ◦C over more than 13 000 galvanostatic
charge–discharge cycles with Vmax ≥ 3 V and up to 3.9 V with low capacitance
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Figure 9.4 Electrochemical stability
of EMITFSI, PYR14TFSI, PYR14Tf, and
PYR1(2O1)TFSI ILs evaluated with high surface
area mesoporous carbons at 60 ◦C by CV at
20 mV s−1 with coulombic efficiency >95%.

ESW width, IL reduction and oxidation limits,
potential of the discharged carbon electrode
and maximum feasible potential excursion
for the negative (	V−) and positive elec-
trodes (	V+) are indicated [11, 12].

fade and exhibited maximum specific energy and power of 30 Wh kg−1 and 11
kW kg−1 at 3.7 V [11]. PYR14TFSI- and PYR14Tf-based AEDLCs assembled with
activated carbon electrodes featuring about 100 F g−1 reached Vmax up to 4.0 V with
a maximum specific energy and power of about 40 and 9 kW g−1 and good cycling
stability for over 20 000 galvanostatic charge–discharge cycles. The best cycling
stability was achieved with an AEDLC assembled with high purity PYR1(2O1)TFSI
(≤20 ppm of water); this supercapacitor was charged–discharged for 27 000 times
with Vmax up to 3.8 V and a capacitance fade of only 2% [12]. These results show that
IL-based AEDLC energy can significantly exceed that of the best performing EDLCs
on the market. However, the former’s specific power is not as high as expected on
the basis of the high Vmax of 4 V and this is due to high ESR values. In IL-based
AEDLCs, the electrode charging resistance is generally the main contribution to
ESR; it depends on IL conductivity in carbon pores and is also modulated by pore
length. Hence, pore geometry is a key parameter that can differently amplify the
effect of IL conductivity on the specific power of the supercapacitor [23, 46].

The PYR1(2O1)TFSI IL has the big advantage of a −90 ◦C freezing point. This
makes it possible to span a wide operating AEDLC temperature range. Figure 9.5
shows the Ragone plot of AEDLCs based on PYR1(2O1)TFSI and activated carbon
electrodes. In the figure, specific energy (E) and power (P) were evaluated from the
galvanostatic discharges at different current densities (i) and temperatures between
Vmax of 3.7 V and 0.55 Vmax, that is, 2.035 V as in Eqs. (9.6) and (9.7)

E = i

t0.55Vmax∫

tVmax

V dt

wc.m.
(9.6)
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Figure 9.5 Traditional Ragone plot of the
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(E) and power (P) values evaluated from gal-
vanostatic discharges at different currents

with Vmax = 3.7 V and Vmin = 2.035 V; the
labels indicate the current densities in mA
cm−2. Reproduced with permission from J.
Electrochem. Soc., 156, A661 (2009). Copy-
right 2009, The Electrochemical Society [62].

P = E

t0.55 Vmax
− tVmax

(9.7)

where tVmax
and t0.55Vmax

are the times at which the cells exhibit 3.7 and 2.035
V potentials and wc.m. is the total carbon-binder composite weight of the two
electrodes. The figure shows that the PYR1(2O1)TFSI-based AEDLC can operate in
the −30 and +60 ◦C temperature range.

While the Ragone plots are useful for comparison of the inherent energy and
power of electrochemical energy storage systems for conventional applications, they
are not suitable to evaluate the performance of the systems for power-assist HEVs
and specific benchmark tests such as those of USABC-DOE protocols are required
[6, 63, 64]. These tests include the evaluation of the total available energy of the
supercapacitor at various depths of discharge (DODs) and of the power capabilities
at different DODs by galvanostatic pulses of 10 s at 75% of the highest current
feasible for the device (high-HPPC tests). Figure 9.6 shows the energy available in
DOD ranges where a given pulse power is delivered and shows the performance
of the PYR1(2O1)TFSI-based AEDLC, the DOE target for power-assist HEV and the
expected performance of a commercial EDLC working with conventional organic
electrolyte and Vmax of 2.7 V at 30 ◦C. The PYR1(2O1)TFSI-based AEDLC with Vmax

of 3.7 V at T ≥ 30 ◦C meets the challenging energy and power targets of 7.5 Wh
kg−1 and 625 W kg−1, targets that are far from being reached by a conventional
EDLC [6, 62].

The figure data refer to the total weight of the complete supercapacitor (module),
which is set as double the total composite electrode material loading, a very
demanding condition. Module performance is greatly affected by weight component
distribution and, particularly, by electrolyte-to-electrode-materials weight ratio. In
IL-based supercapacitors, module design should take into account the amount of
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based AEDLC from high-HPPC tests at dif-
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IL that serves to deeply charge the system and to fill carbon pores. This balance
is affected by electrode porosity and carbons of high specific capacitance, and
moderate pore volume would prevent excess electrolyte in the electrodes [10, 46,
47]. This is the case of a 140 F g−1 disordered template carbon used to assemble
a PYR14TFSI-based AEDLC featuring a maximum specific energy 25–35% higher
than that achieved with activated and xerogel carbons with the same IL. The
moderate mesopore volume of the carbon (about 0.7 cm3 g−1) makes it possible
to achieve a composite electrode-to-electrolyte loading ratio of about 1, ratio that
should yield a complete supercapacitor module weighing 2.5 times the electrode
loading, while preventing charge storage limitation from the electrolyte side [23].

9.6
Concluding Remarks

High-performance IL-based supercapacitors require ILs of high purity, wide ESW,
high conductivity and low freezing point. IL selection also has to take into account
that the ion chemistry of these salts notably affects the double-layer structure at
the electrode/IL interface and, hence, supercapacitor capacitance. The absence of a
solvent implies the intimate contact of the IL with the carbon electrode, which has
to be designed in relation to the IL. Carbon porosity is a crucial parameter affecting
capacitance, module weight distribution, and power. Indeed, the main contribution
to ESR is the electrode charging resistance that is modulated by pore size. The
use of proper ILs and carbons in tailored AEDLC configurations is a successful
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strategy for increasing the specific energy of supercapacitors and widening the safe
temperature operating range of the systems without sacrificing power and cycle life.

Ionic Liquid Codes

BMIM BF4 1-butyl-3-methylimidazolium tetrafluoroborate
BMIM DCA 1-butyl-3-methylimidazolium dicyanamide
BMIM PF6 1-butyl-3-methylimidazolium hexafluorophosphate
BMIM TFSI 1-butyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide
Bu3S TFSI tributylsulfonium

bis(trifluoromethanesulfonyl)imide
EMI FSI 1-ethyl-3-methylimidazolium

bis(fluorosulfonyl)imide
EMI TFSI 1-ethyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide
Et2Me(CH3OC2H5)N BF4 diethyl-methyl-methoxyethyl ammonium

tetrafluoroborate
Et3S TFSI triethylsulfonium

bis(trifluoromethanesulfonyl)imide
Me3(CH3OCH2)N TFSI trimethyl-methoxymethyl ammonium

bis(trifluoromethanesulfonyl)imide
Me3PrN TFSI trimethyl-propylammonium

bis(trifluoromethanesulfonyl)imide
MePrPp TFSI methyl-propyl-piperidinium

bis(trifluoromethanesulfonyl)imide
P6,6,6,(1O3) TFSI tri-hexyl-methoxypropyl-phosphonium

bis(trifluoromethanesulfonyl)imide
P6,6,6,14 CYC tri-hexyl-tetradecyl-phosphonium cyclamate
P6,6,6,14 TFSI tri-hexyl-tetradecyl-phosphonium

bis(trifluoromethanesulfonyl)imide
PrMeMeIm TFSI 1-propyl-2-methyl-3-methylimidazolium

bis(trifluoromethanesulfonyl)imide
PYR1(2O1) TFSI methoxyethyl- methylpyrrolidinium

bis(trifluoromethanesulfonyl)imide
PYR12 DCA ethyl-methyl-pyrrolidinium dicyanamide
PYR13 FSI propyl-methyl-pyrrolidinium

bis(fluorosulfonyl)imide
PYR14 Tf butyl-methyl-pyrrolidinium

trifluoromethanesulfonate
PYR14 TFSI butyl-methyl-pyrrolidinium

bis(trifluoromethanesulfonyl)imide
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Glossary

AEDLC Asymmetric electric double-layer capacitor
σ Conductivity
δdl Double-layer thickness
	V+ Maximum feasible potential excursion of the positive electrode
	V− Maximum feasible potential excursion of the negative electrode
BET Specific area evaluated by the Brunauer, Emmett, Teller method
C− Double-layer specific capacitance of the negative electrode
C+ Double-layer specific capacitance of the positive electrode
Cc Capacitance in the solid part of the electrode
Cdl Double-layer specific capacitance of carbon electrode
CH Helmholtz capacitance
CIL Capacitance in the liquid part of the electrified carbon electrode/IL

interface
CNT Carbon nanotube
CSC Supercapacitor capacitance
CV Cyclic voltammetry
DOD Depth of discharge
DOE U.S. Department of Energy
E Specific energy evaluated between Vmax and 0.55 Vmax

EDLC Electric double-layer capacitor
Emax Maximum energy of supercapacitor
ESR Equivalent series resistance
ESW Electrochemical stability window
EV Electric vehicle
FT-IR Spectroscopy Fourier transform infrared spectroscopy
GC Glassy carbon
HEV Hybrid-electric vehicle
HPPC Hybrid pulse-power characterization
i Current density
IL Ionic liquid
k0 Vacuum permittivity
MW Molar weight
P Specific power evaluated between Vmax and 0.55 Vmax

Pmax Maximum power of supercapacitor
RT Room temperature
S> 1.5 nm Specific surface area from pores >1.5 nm
t0.55 Vmax

Time at which the cell exhibits 0.55 Vmax voltage
tVmax

Time at which the cell exhibits Vmax voltage
UPS Uninterruptible power supply
USABC United States Advanced Battery Consortium
Vmax Maximum cell voltage
w+ Carbon loading of the positive electrode
w− Carbon loading of the negative electrode
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wc.m. Total carbon-binder composite weight of positive and negative
electrodes

ε Dielectric constant
� Molar conductivity
η Viscosity
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10
Manufacturing of Industrial Supercapacitors
Philippe Azaı̈s

10.1
Introduction

The storage of electrical charge in the interface between a metal and an electrolytic
solution has been studied by chemists since the nineteenth century, but the practi-
cal use of double-layer capacitors only began in 1957, when a patent was placed by
General Electric for an electrolytic capacitor using porous carbon electrodes [1]. It
was noted that the capacitor exhibited an ‘‘exceptionally high capacitance.’’ In 1966,
the Standard Oil Company, Cleveland, Ohio (SOHIO) patented a device that stored
energy in the double-layer interface [2]. At this time, SOHIO acknowledged that
‘‘the double layer at the interface behaves like a capacitor of relatively high specific
capacity.’’ SOHIO went on to patent a disk-shaped capacitor in 1970 utilizing a
carbon paste soaked in an electrolyte. By 1971, however, a subsequent lack of
sales led SOHIO to abandon further development and license the technology to
Nippon Electric Corporation (NEC). NEC went on to produce the first commercially
successful double-layer capacitors under the name ‘‘supercapacitor.’’ These low-
voltage devices had a high internal resistance and were thus primarily designed for
memory backup applications, finding their way into various consumer appliances.
Since then, a number of companies started producing electrochemical capacitors.
Panasonic developed the ‘‘Gold Capacitor’’ in 1978. Similar to those produced by
NEC, these devices were also intended for use in memory backup applications.
By 1987, Elna had begun producing their double-layer capacitor under the name
‘‘Dynacap.’’ News of these devices triggered a study by the US Department of
Energy in the context of hybrid electric vehicles, and by 1992 its ‘‘Ultracapac-
itor Development Program’’ was under way at Maxwell Laboratories. For two
decades, industrial research has proposed numerous solutions to manufacture
supercapacitors with improved reliability and limited aging [3].

As shown in Figure 10.1, the number of patents has strongly increased after the
end of the 1980s, demonstrating the growing interest in this technology.

Carbon/carbon supercapacitors working in organic medium are the most popular
and developed supercapacitor types in the world. However, cell and module designs
are strongly linked to targeted markets: small-size cells for backup and electronics,

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Figure 10.1 Number of published patents every year in the world since 1957.

medium-size cells for voltage network stabilization and large cells and modules for
transportation and stationary applications.

Generally, supercapacitors are based on two electrodes separated by a dielectric
porous film, called a separator, impregnated by an electrolyte. This electrolyte,
which contains a large amount of ions, can be based on organic or aqueous
solvents. This assembly is placed in a tight casing to avoid gas and/or liquid
leakage.

To manufacture a supercapacitor, it is necessary to distinguish different steps:

1) Manufacturing of the electrode
2) Separator positioning (by wounding or stacking)
3) Electrode assembly (current collection between electrode and external connec-

tion) by various processes
4) Electrolyte impregnation
5) Closing of the system.

During the 50 years, many industrial actors have tried to improve the perfor-
mance of supercapacitors through three distinguished and complementary axes to
enable the merger of this energy storage system: increase energy density, increase
power density (i.e., decrease equivalent series resistance (ESR)) and increase the
lifetime of components. To these three main technical axes, it is necessary to add
two other critical points that are needed for viability of such energy storage systems:
low price and robustness. Indeed, only products combining low cost and accurate
performance have a hope of market penetration. Product robustness is a key param-
eter related to the market volume of components and thus to market development
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and maturity. Cost reduction targets materials used in the supercapacitor and
manufacturing processes for its implementation.

From an industrial point of view, two main classes of components can be
distinguished:

1) High-capacitance supercapacitors that have a capacitance value higher than
350 F. These components are especially dedicated to urban transport market,
uninterruptible power supply (UPS), automotive hybridizations, lifts, and so
on. For all these markets, supercapacitors are assembled in modules and/or
energy storage systems generally assisted by an electronic balancing.

2) Low-capacitance supercapacitors are essentially dedicated to low-cost electronic
applications, such as backup applications, consumers, and so on. In these cases,
components are generally directly welded on electronic cards.

This last market can be considered as quite mature. Component dimensions
are directly inspired from electronic standards, such as electrolytic capacitor and
dielectric capacitor or coin battery cells. Performance improvements of these
components seem to be less crucial: cost and robustness are the key factors.

On the contrary, the high-capacitance component market fully emerges: com-
ponent formats are not definitively set and module designs (voltage, capacitance,
dimensions) are directly linked to the dedicated applications.

In the first part, the heart of the technology is detailed (electrode, separator, and
electrolyte). The second part is dedicated to existing products and processes in the
manufacture of supercapacitors. In the third part, modules are described.

10.2
Cell Components

10.2.1
Electrode Design and Its Components

The most important component of the supercapacitor is the electrode. Existing
electrode designs are commented on hereinafter.

The electrode is the most important component in the heart of the technology.
Generally, electrodes are made of a current collector, an active-material-based paste,
a conductive additive, and a binder. In some cases, additives have been developed
to increase lifetime.

10.2.1.1 Current Collector
To achieve low resistance, many solutions have been proposed. One of the most
popular solutions is to deposit the active material on a metallic current collector,
because of its very low ESR impact. Few former electrode designs have been
developed without a current collector. This technology is called self-supported
electrodes. Two ways were developed: in the first case, the electrode contained a
high binder rate (ESR was extremely high); in the second case, activated carbon was
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self-supported, such as carbon cloth. This last technology was extremely expensive
and the energy density was low because of low material density. In both cases, ESR
was high and these technologies were not efficient enough to reach high power
density. All these self-supported technologies were quickly abandoned in favor of
the metallic current collector technology.

In the present electrode technology, the current collector is the main physical
link between the electrode and the supercapacitor external junction.

Microscopic active material decohesion from the current collector is assumed to
be one of the main reasons for the ESR increase during lifetime. Many more or
less cost-efficient solutions have been patented in order to optimize mechanical or
chemical adhesion of the activated carbon on the current collector:

• Coating of a slurry or extrusion of a paste based on activated carbon on the
current collector using aqueous or organic solvents: these processes are the most
cost efficient and widely industrialized.

• To laminate carbon particles directly on the current collector without any binder
(Honda [4], NEC [5]). This method is not efficient enough for thick electrodes to
reach a low ESR value.

• To use surface groups of activated carbon as potential polymeric bridges using an
isocyanate-based polymer in order to improve the mechanical properties of coated
layer on aluminum [6]. However, it is assumed that surface groups of activated
carbons are strongly involved in the aging phenomenon of supercapacitors.

• Activated carbon cloth bonded by plasma on an aluminum collector [7] (old
supercapacitor design of Maxwell).

The choice of current collector is highly discriminated by its

1) electrochemical and chemical stability versus electrolyte
2) cost (purity and availability on market)
3) density
4) processability.

However, it is important to differentiate collectors stable in aqueous medium
(acidic or basic medium) and those stable in organic medium.

Current Collector Working in Organic Electrolyte The most useful material for
current collectors is aluminum: price and density are low and electrochemical
stability is quite high versus standard electrolytes (propylene carbonate (PC) and
acetonitrile (ACN)) [8]. Major industrially used current collectors have a special
surface state in order to increase the mechanical adhesion between the coated layer
(i.e., active material) and current collector. This surface state can be very different:

• It can be electrochemically corroded. In this case, the current collector is the
same as the electrolytic capacitor anode. This special surface state is called etched
aluminum [9, 10]. The thickness of such current collectors is between 15 and
40 µm. The manufacture of such current collectors is already advanced. Its price
is also quite low. Figure 10.2 shows an example of an etched aluminum current
collector.
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100 um× 1.0 k

Figure 10.2 Example of etched current collector SEM picture (× 1000). Courtesy of
Batscap.

• One very thin underlayer (between hundreds of nanometers and few microme-
ters) can be placed between the current collector (with or without etching layer)
and the active material layer. This thin layer, generally based on carbon black,
carbon nanofiber [11], carbon nanotubes (CNTs), or graphite [12], has to be highly
conductive compared to the electrode and contains a binder [13]. The main draw-
back of this underlayer is its cost because these collectors are especially developed
for supercapacitors and batteries. Moreover, the thickness of such a layer cannot
be negligible versus the thickness of the active material layer (Figure 10.3).

• Standard aluminum foil (i.e., not etched, Figure 10.4) can be used as current
collectors [14]. The main advantage of such collectors is its cost. However,
it is difficult to maintain electrode paste on such collectors using conven-
tional binders such as polyvinylidene fluoride (PVDF) or polytetrafluoroethylene
(PTFE). Generally, interface ESR is high but it can be low enough for energy-
type supercapacitors. That is the reason Gore has developed an acetamide-based
binder for such applications.

• In order to improve the adhesion between the electrode and collector, current
collectors in various shapes have been patented:
– Plurality of voids extending through a thickness of the collector in order to

improve impregnation and shorten the ion travel distance to prevent or reduce
localized electrolyte starvation within the electric double-layer capacitor (EDLC)
[15]

– Current collector with an underlayer containing perforations [16]
– Aluminum grid. Such a collector is difficult to weld with external components

(cover, casing).

Current Collector Working in Aqueous Medium The first supercapacitors worked in
aqueous medium. Generally, aqueous electrolytes are based on strong acids (e.g.,
sulfuric acid) or strong bases (e.g., KOH) [17].
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Aluminum

D2.6 × 180 500 um

Carbonated underlayer

Figure 10.3 Nonetched collector with carbonated underlayer SEM picture (× 180). Courtesy
of Batscap.

D2.6 × 1.0 k 100 um

Figure 10.4 Nonetched aluminum collector. SEM picture (×1000). Courtesy of Batscap.
White spots are mineral-inclusion-linked purity of aluminum series.

Because of such electrolytes, it is not possible to use an aluminum current
collector. The materials most used are nickel and stainless steel [18]. However, such
collectors are more expensive and heavier than aluminum collectors. Moreover,
it is difficult to limit the interface ESR because these collectors are not etched.
However, it is possible to decrease the ESR by increasing the roughness of the
plain foil using a specific mill roll.

Other technologies have been developed to reduce ESR, such as grids and
underlayer. These collectors are already used in Ni–MH, Ni–Cd, and lead-acid
batteries that also work in aqueous medium.

10.2.1.2 Activated Carbons for Supercapacitors
Activated carbon is the solid active material (host site) of supercapacitors. In 1957,
the first supercapacitor was based on a low porous carbon. Very soon, researchers
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Figure 10.5 Standard activated carbon pore size distribution (PSD) and impact of pore vol-
ume increase (designated by arrow) via standard activation process on PSD. Comparison
with theoretical optimized PSD.

understood that it was needed to increase the accessible surface to ions in order to
increase capacity.

The first commercial activated carbons that were industrially available for su-
percapacitors were manufactured for filtration and sugar purification. Thus, these
carbons were not developed for energy storage and posed many problems: low
purity, high surface group content, and untuned particle size distribution. The life-
time of these supercapacitors was low. During the past 15 years, the main actors in
the supercapacitor field have tried to increase gravimetric and volumetric capacities,
especially in using superactivated carbon (e.g., Maxsorb activated carbon). More
recently, a few researchers have understood that such superactivated carbons are in
contradiction to high lifetime, low internal resistance, and low-cost design. Then,
new carbons were developed or modified especially for supercapacitor applications.

It is generally accepted that only 20–30% of porosity is truly accessible to the ions,
allowing the storage of energy [19–21]. In order to increase accessible porosity to
ions, many studies have focused on developing porosity [22–27]. However, most of
the developed processes increase porosity, increasing at the same time the surface
area and enlarging the pore size distribution, as shown in Figure 10.5.

Carbon Availability Carbons can be distinguished in two main classes, taking
into account activation modes (physical or chemical activation) and precursors
(synthetic and natural) [28]. However, carbons developed at the laboratory scale
are generally different from industrially available carbons [29]. Nevertheless, it is
important to mention the most important works published during the past two
decades.

Laboratory-Scale Carbonaceous Active Materials Numerous types of carbons that
have been tried as electrodes in EDLCs can be summarized as halloysite templated
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porous carbon [30], multibranched porous carbon nanofibers [31], nanostructured
graphite [32], bamboo-based activated carbon [33], woven carbon cloth [34], CNTs
[35], nanostructured mesoporous carbon [36], CNT/felt composite electrode [37],
cresolformaldehyde-based carbon aerogel [38], mesoporous carbon composite (car-
bon nanofibers/porous carbon) [39], porous carbon from thermoplastic and MgO
precursors [40], sodium-oleate-modified activated carbon aerogel [41, 42], carbon
aerogel [43–46], activated carbonized methylcellulose [47], carbide-derived carbons
(CDC) [48–51] silica MCM-48-templated mesoporous carbon [52], zeolite-templated
carbon [53], electrospun activated carbon nanofibers [54], silica MCM-48- and SBA-
15-templated mesoporous carbon [55], carbon nanofibers [56], carbon blacks,
vegetable/wood-based activated carbons, activated novoloid fibers [57], activated
needle coke from coal tar pitch [58], fullerene-soot [59], Nomex-derived activated
carbon fibers [60], activated CNTs [61, 62], mesoporous carbon spheres [63], py-
rolyzed carbons from graphite oxides [64], Ketjenblack/CNTs [65], multiwalled
[66–69] and single-walled CNTs [70], exfoliated carbon fibers [71], CNTs/activated
carbon composite [72], CNT array [73] and double-walled CNT/activated carbon
[74], ex-polyvinylidene chloride (PVDC) activated carbon [75], or ex-PVDF activated
carbon [76]. Among all these materials, a few comments are needed, especially for
CNTs, and aerogels.

• CNTs have not shown superior electrochemical performance compared to con-
ventional activated carbons. The price of such materials is still high and not
competitive compared to industrialized purified activated carbons. Although the
catalyst amount after synthesis has been decreased year after year, the toxicity is
still questionable for industrial applications. However, studies have shown that
such materials can be successfully used as conductive additive in electrodes [77,
78]. This could be the case if the price is competitive with low-cost carbon black.

• Many studies have been performed on carbon aerogels. Gravimetric and volu-
metric capacitance in organic medium is quite low, taking into account the fact
that it is generally a mesoporous material. Such materials could be used as-
produced (i.e., monolithic shape) avoiding binder and particle–particle electronic
resistance. However, most such materials have a high surface group content and
it is quite difficult to thermal treat (at high temperature) such materials without
any volume modification. Then, the aging performance is poor. Owing to the
large amount of mesoporosity, self-discharge (linked to ion diffusion) is an is-
sue. Moreover, the price is extremely high. However, PowerStor commercializes
EDLC (up to 50 F) with carbon aerogel electrodes working in organic electrolyte
(quaternary ammonium salt/PC and/or acetonitrile).

• CDC materials have been developed recently in different laboratories. They have
a distribution of pore sizes sufficiently tightened and were developed for this
application. They are not from the activation of a precursor but are the residue
of a chlorination reaction of a transition metal (e.g., titanium). The mass yield is
quite low and the final product must then be carefully restated to remove traces
of chlorine that is particularly harmful in aging. The price of this material is quite
high. However, it is a great ‘‘model material’’ for supercapacitors.
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Industrially Available Active Materials Many activated carbon manufacturers have
recently been investigating supercapacitor applications. As a result, most companies
have understood that the cost and performance are the two basic parameters of a
successful carbon in this area.

The commercially available carbons are as follows:

• Wood-based activated carbons. These carbons are fairly low-volume capacity but
also very low priced. The performances in aging, just as with all carbons, are
linked to their purity, the surface groups, and so on. The activation of such
activated carbon is performed with water vapor [79–81].

• Coconut-based activated carbons. This is by far the most common carbon in the
field. They are a good compromise between pore volume, ESR, purity, and price
because they are generally activated with water vapor [82].

• Petroleum-residue-based activated carbon (coke, coal tar, etc.) [83]. They are gen-
erally more capacitive than carbon from natural precursors (wood and coconut).
They are also very expensive and the surface groups are generally numerous, thus
increasing the aging of the supercapacitor [84]. Some manufacturers have found
ways of improving performance in aging, but these products are still expensive
because of the type of activation (usually potash) [85, 86].

• Carbohydrate-based activated carbons [87]. These carbons are relatively unusual
but can be considered as a good compromise between coconut-based activated
carbons and petroleum-residue-activated carbons. Such carbons are particularly
clean but volumetric capacitance is still limited [88].

• Ex-resin-activated carbons (e.g., phenolic resin). They are by far the most pure
carbons. They have an attractive performance in terms of aging, resistance, and
capacity but are extremely expensive. They are pretty generally laid aside by
the manufacturers of supercapacitors because of the economic equation they
generate. One of the most popular carbons is the RP series from Kuraray
Chemicals (RP15 and RP20), which are cited in a few publications [89].

Pore Size Distribution Optimization of Activated Carbons
Dissymmetrization and Its Effects Although cations and anions do not have the
same size and volume, the use of symmetric carbon-based electrodes ends in
a dissymmetrization of potentials in a standard component. A supercapacitor
electrode made from the same positive and negative characteristics (thickness, type
of carbon, binder rate, etc.), so geometrically and chemically identical, is necessarily
asymmetrical in terms of potential. This fact is clearly identified using a reference
electrode to determine cathodic and anionic potentials as demonstrated [90–93].

This dissymmetrization has a strong impact on electrolyte degradation in aging
phenomena, especially for positive potential. To force this dissymmetrization is
quite an old idea: this principle was clearly described in a Japanese patent dated
1986 [94]. This principle can be used in order to improve ESR, capacitance, and/or
aging, and is summarized in Figure 10.6. One of the best ways is to fit pore size
distribution of activated carbon to ion sizes [95].
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Figure 10.6 Dissymmetrization principle with alternative propositions.

Table 10.1 Dissymmetrization effect on aging and performance loss.

Electrode
thickness ratio (+ vs −)

Initial performance Performance after
1000 h at 3.0 V/70 ◦C

ESR (Ω) Capacitance (F) ESR (Ω) Capacitance
loss (%)

Supercapacitor 1 1/0.6 6.5 1.00 7.4 −5
Supercapacitor 2 1/1 5.2 1.20 8.9 −30

Many ways have been investigated to improve performances:

1) Balancing weights and/or volumes of the two electrodes using the same
activated carbon in order to improve aging.

2) Using different activated carbons in order to fit each pore size distribution
of each carbon to one of the two ions in order to maximize capacitance and
decrease ESR.

3) Adjusting each potential of each electrode in order to minimize aging.
4) Combining the three previous solutions.

In the patent dated 1986, the goal was to adjust the electrode potential of each
electrode in order to minimize aging for the supercapacitor working in TEABF4/PC
electrolyte. The main advantage of such dissymmetrization is clearly demonstrated
in Table 10.1.

One interesting solution in order to optimize performance consists of choosing
two carbons with different pore size distributions adjusted to each ion size. The
standard ionic salt used in electrolytes is TEABF4. Unsolvated (C2H5)4N+ size is
considered to be between 0.348 [96] and 0.40 nm [97] and BF4

− size is between 0.22
[20] and 0.245 nm [98]. Table 10.2 shows that capacitance value is increased and
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Table 10.2 Pore size effect on volumetric capacitance and ESR. Electrode B has the smallest
PSD.

Negative
electrode

Positive
electrode

Volumetric
capacitance (F cm−3)

ESR (mΩ)

Supercapacitor 1 A B 26.6 24
Supercapacitor 2 A A 20.8 23
Supercapacitor 3 B B 27.5 257
Supercapacitor 4 B A 18.8 243

ESR is lowered when pore size distribution is lower for the positive electrode than
for the negative electrode [99]. Reversing the electrodes demonstrates capacitance
decrease and ESR increase. These facts prove that a compromise has to be found
between ion size and pore size distribution of activated carbons [100].

Many other patents have been published on this dissymmetrization principle
(EPCOS [101], Maxwell [102], Nisshinbo [92, 103], CapXX [104], Ultratec [105], etc.).
All these patents are alternative solutions of the 1986 patent.

Although dissymetrization seems very attractive, it is industrially more difficult
to manage such productions of two different electrodes. In such cases, ‘‘poka-yoke’’
are needed.

10.2.1.3 Industrial Activated Carbons for Industrial Supercapacitors
For several years, it has been considered that gravimetric or volumetric capacity
(related to the size of ions and the pore size of carbon) is proportional to the
Brunauer-Emmet-Teller (BET) surface area (number related to the molecular size
of nitrogen and the available pore volume for the same nitrogen molecules). As
some authors have demonstrated (Béguin and Simon groups), it makes no sense:
sizes of ions used (solvated or not) in supercapacitors are always greater than the
nitrogen molecule. Figures 10.7 and 10.8 show that there is no proportionality
between BET surface area measured by nitrogen and gravimetric capacity, either
in aqueous or organic media.

As described previously, most industrial electrodes are produced from powders.
Indeed, tissue carbons, very expensive and very low density, pose some problems
for large size supercapacitor production: connection of such self-supported material
to an external terminal is complex and the contact resistance generated is high.

Many recommendations regarding activated carbons for supercapacitors working
in organic medium have been mentioned. One of the main recurrent recommen-
dations concerns pore size distribution and pore volume of the electrode, for
example:

• Asahi Glass Co. recommended in one patent to limit macropore volume to
less than 10% of the pore volume and almost 50% of pore volume must be
microporous (pore size lower than 2 nm) [107]. Specific surface area must be
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Figure 10.7 Gravimetric capacitance in aqueous electrolyte (KOH 30%) for numerous acti-
vated carbons versus BET surface area measured at 77 K with nitrogen.

0

50

100

150

200

0 500 1000 1500 2000 2500 3000

BET surface (m² g−1)

C
ap

ac
ita

nc
e 

(F
 g

−1
)

Figure 10.8 Gravimetric capacitance in organic electrolyte based on Et4NBF4 salt (solvent:
PC or acetonitrile) for numerous activated carbons versus BET surface area measured at
77 K with nitrogen. Values are extracted from numerous academic publications and patents.

limited between 1000 and 1500 m2 g−1 and not between 2000 and 2500 m2 g−1

as mentioned by Morimoto et al. [108] a few years before.
• Kureha confirmed such limitation between 800 and 2000 m2 g−1 and preferen-

tially between 1050 and 1800 m2 g−1 [109]. Many of Matsushita’s patents confirm
such values: BET surface area of activated carbons for supercapacitor application
should be limited at around 1500 m2 g−1 and not at 2500 m2 g−1. Such carbons
can be obtained by low temperature activation by alkali hydroxides (750–850 ◦C)
[110].
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• Endo et al. [111] have obtained good results with activated carbons having surface
area lower than 1500 m2 g−1. The best result is obtained by an alkali activated-
carbon-based on Polyvinylchloride (PVC) precursor. The surface area is around
700 m2 g−1. Gravimetric and volumetric capacitances are 168 F g−1 and 148 F
cm−3, respectively. Such results are comparable to superactivated carbon with
2500 m2 g−1 BET surface (180 F g−1 and 80 F cm−3). However, volumetric
capacitance is higher because of material density.

• JEOL has demonstrated quite the same tendencies with low-surface-area activated
carbons (300–400 m2 g−1) activated by KOH [112].

All these results confirm that there is no proportionality between capacitance
values in organic media and BET surface area: a compromise has to be found
between pore size distribution of carbons and ion sizes of electrolytes. Many recent
publications have reached similar conclusions [50, 113, 114, 115, 116]. However,
it is important that such capacitance optimizations do not reduce cyclability of
supercapacitors and do not increase ESR.

Activated Carbon Precursor Impact on Performance Another solution patented to
optimize the active material is to mix different activated carbons having different
physicochemical characteristics [117]. The originality of such a concept is the
simultaneous use of one graphitizable carbon and a second non-graphitizable
carbon. Authors have demonstrated that the obtained results of each carbon
measured separately are not as good as the mixture of these carbons. Structural
reasons could essentially explain such a result: non-graphitizable carbon has
good mechanical strength and has a low volume change in the phenomena
charge–discharge, while the graphitizable carbon has a good capacitance density
but a major expansion coefficient. The swelling suggests an insertion phenomenon,
as claimed by Takeuchi et al. [118] and as confirmed by Hahn et al. [119, 120].
Then, a mix of these two carbons allows to limit swelling and to obtain quite a high
volumetric capacitance. However, this expansion is particularly noticeable in the
case of an electrolyte containing PC and is less likely in the case of an ACN-based
electrolyte. Indeed, the phenomenon of intercalation of PC has been known for
many years in the field of Li-ion batteries, which severely limits the use of PC
in the electrolyte for such batteries. Another fact that may come into play in the
electrochemical phenomena is the purity of the materials. Kuraray mentions a
crucial problem linked to the presence of heavy metals [121]: such metals could
favor short circuits or generate self-discharge if the total content is higher than
50 ppm. It means that it would be unreasonable to use natural-based activated
carbons for supercapacitor applications without any special cleaning treatment.
Alkalis are important impurities for supercapacitors [122]. Sulfur [123], iron, and
magnesium [124] are also considered to be important impurities. Asahi Glass
recommends strongly limiting chromium, iron, nickel sodium, potassium, and
chloride contents to keep a stable activity over a long period of time by using a
polarizable electrode made of activated charcoal. In the same time, the ash content
must be limited to 0.5% [125].
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Table 10.3 Impact of particle size on electrode density and volumetric capacitance.

EDLC Average particle
size (µm)

Electrode
density

Electrostatic
capacity

density (F cm−3)

Example 1 2.36 0.924 33.6
Example 2 8.64 0.987 36.0
Example 3 9.8 0.983 35.7
Example 4 13.23 0.956 34.8
Example 5 26.28 0.913 33.0

10.2.1.4 Particle Size Distribution of Activated Carbons and Its Optimization
Although interparticle space creates some macroporosity, particle size distribution
is an important parameter that has a strong impact on performance (e.g., volumetric
and gravimetric capacitance).

One good example of such an impact is shown in Table 10.3 [126].
Kuraray [127] recommends that medium particle size (D50) be limited between

4 and 8 µm to provide a polarizable electrode for an EDLC, exhibiting good
moldability and capable of realizing a high-density or high-capacity electrode. At
the same time, almost 10% of particles (in cumulative volume) must be smaller
than 2 µm [128].

A mixture of two activated carbons having two very different particle size
distributions in order to increase electrode density has been tested and gives
interesting results [129], although it is quite difficult to implement such a solution
in the electrode manufacturing process.

Surface Group Impact on Performance and Solutions The capacitance decrease
and resistance increase during the operation, and the self-discharge, are the key
technical factors limiting market accessibility of organic electrolyte supercapacitors.
Publications related to aging are limited because of the confidentiality of such
information in the industrial environment. For this reason, it is important to
undertake a literature review both in scientific journals and in patents. The research
on supercapacitors based on activated carbon in organic media is essentially done
in the industry in collaboration with academic laboratories and typically leads to
the filing of patents, for 45 years.

The positive or negative impact of surface groups on the performance of
supercapacitors is controversial: the presence of these groups seems to be desirable
in aqueous medium for additional reversible pseudocapacitance for the contribution
they make to the total capacitance (redox reactions of surface groups) [106, 130,
131]. This contribution was originally anticipated by Delahay [132, 133], and then
generalized for both aqueous media [134] and organic media [135] by Schultze and
Koppitz in the 1970s.
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However, Sullivan et al. [136] showed that an excess of oxygen increases the
resistance of the material, as confirmed both in aqueous and in organic media by
Momma et al. [137] and Qiao et al. [138], respectively. The Kötz group has also
shown that glassy carbon, which is oxidized and then reduced in a second step,
shows higher capacitance and lower resistance as the only oxidized glassy carbon
[139].

In aqueous media, the acid groups are harmful [140] for the following reasons:

• They cause the release of gases at low potential (as confirmed by Mayer et al.
[141]).

• They significantly reduce the supercapacitor lifetime [142].

For supercapacitors working in organic medium, Morimoto et al. [108] have
shown that the reduction of capacitance during the operation is linked to oxygen.
The more the activated carbon is rich in oxygen, the greater the amount of gas
emitted is high (essentially hydrogen from electrolysis of water). Jow et al. [143]
have shown that the surface group content of activated carbon has a strong impact
on usable voltage window of supercapacitors. Therefore, in organic media, the
choice must be worn on an oxygen-poor carbon and more specifically with few
carboxyl groups in order to limit electrolyte decomposition.

According to Yoshida et al. [144], leakage current, that is to say a part of the
self-discharge of a supercapacitor, is related to the amount of surface carboxylic
acid groups.

Self-discharge According to theoretical studies by Conway et al. [145], three kinds
of self-discharge mechanism can operate:

1) If the capacitor (or battery cell) has been overcharged beyond the respec-
tive decomposition potential limit of the electrolyte, then the self-discharge
corresponds to the spontaneous decline of the overvoltage, h, owing to the
overcharging current and arises on account of continuing discharge across the
double-layer until h tends to 0. The leakage process corresponds to a faradic
charge-transfer reaction having a potential-dependent faradic resistance, RF,
operating in parallel across the double-layer capacitance, its value increasing
with declining potential.

2) If the capacitor material and/or its electrolyte contain impurities are oxidizable
or reducible within the potential range corresponding to the potential differ-
ence across the capacitor on charge, the capacitor becomes, to some extent,
nonpolarizable. If only low concentrations of impurities are present, then the
self-discharge redox process(es) is (are) diffusion controlled.

3) If the energy storage device has internal ohmic leakage pathways, for example,
due to incomplete sealing of bipolar electrodes or interelectrode contacts,
self-discharge will take place through a ‘‘Galvanic couple’’ effect.

Ricketts and Ton-That have linked the self-discharge of a supercapacitor operating
in organic medium to diffusion of ions from regions where they are accumulated
during the capacitor charge [146].



322 10 Manufacturing of Industrial Supercapacitors

The oxidation of carbon can increase the capacitance but greatly accelerates the
aging of the supercapacitor. As we have seen previously, the functionality of the
carbon surface acts differently depending on whether the electrolyte is aqueous or
organic.

Many treatments have been developed for surface modification of carbon for
electrochemical applications: acid treatment [147, 148], oxidizing [149–151], elec-
trochemical [152], thermal [153], by laser [154], by plasma [155, 156], by polishing
[157], or by washing in a solvent [158], hydrogenation followed by a sulfonation
[159], a first halogenation step by chlorine or bromine and a second step consisting
in a dehalogenation under hydrogen [160] and so on.

Hirahara et al. [161] showed that lithium doping of activated carbon in an
electrochemical way reduces the loss of capacitance (in floating and in galvanostatic
charge–discharge) and increases the operating window of the electrolyte. However,
no reasons have been mentioned to explain such facts. Meanwhile, Honda said that
surface groups tend to lead to a loss of capacitance and proposed reducing under
hydrogen or under nitrogen, but noted that hydrogen seems more efficient than
nitrogen (the oxygen-containing groups are reformed within hours of pyrolysis
under nitrogen, while hydrogen reduced) [162]. Such results have been confirmed
by other studies [163, 164]: for Mitsubishi, surface functional groups’ content
must be limited to 0.5 meq g−1 [165]. For Nippon Oil, alkali-activated carbon for
supercapacitors must be thermal treated in an inert gas atmosphere of an oxygen
concentration of 2000 ppm in volume or less to obtain an active carbon having a total
amount of acid groups per unit weight of 0.2–1.2 [166]. Matsushita is consistent
with such value of acidic groups (limited to 0.37 meq g−1 of carbon) [167].

As a conclusion regarding surface groups, activated carbon manufacturers have
strongly limited such amounts, especially acidic groups, in order to improve
aging of supercapacitors, although pseudocapacitance phenomena are still not well
understood in organic medium.

10.2.1.5 Binders

Adhesion and Cohesion: Key Parameters A binder must combine two functions: to
make a strong cohesion between particles and enable adhesion of such an electrode
on the collector.

In 1972, the authors of one of the first EDLC patents mentioned that one of the
main problems to be solved was to obtain a good adhesion between coated paste
and collector in order to limit ESR increase and capacitance decrease [168].

Binder content in the electrode must be low for the following reasons:

1) A maximum of particle–particle contacts and particle–current collector con-
tacts must be ensured.

2) The electrolyte must impregnate the particles: intergranular volumes must not
be clogged by the binder.

3) Most binders are insulating polymers: a high binder content in the electrode
could increase the ESR of the component.
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4) Binders are nonactive material and decrease volumetric and gravimetric capac-
itance values.

Electrode–Current Collector Interface and Existing Solutions The coating technology
remains the easiest solution to implement. In 1988, Morimoto et al. [169] proposed
to coat the current collector with an aqueous PTFE-activated carbon mixture to
manufacture an EDLC working in organic medium (TEABF4/ACN or sulfolane).
This patent can be considered as the ‘‘parent patent’’ for most of the coating
technology for supercapacitors.

The main advantage of the coating is to control the thickness of the electrodes and
achieves a good volume density of power and energy. Later, most supercapacitor
manufacturers chose this technology: Matsushita, Maxwell [170], SAFT [171], CEAC
[172], Kureha [173], and so on. However, this technology has two main drawbacks:

1) The price of the electrochemical stable binder (available in aqueous or organic
suspension).

2) Implementation process needs to produce an ‘‘ink’’ containing a large amount
of solvent. This solvent must be removed by evaporation or by vacuum removal.
An alternative method developed by Maxwell claims implementation with little
or no solvent [174].

The most popular binder in the supercapacitor technology is PTFE because of
its high electrochemical inertia and ability to keep a process in aqueous media
[175]. Electrodes contain generally between 3 and 5% of PTFE. This polymer is not
extrudable and it is easily detected in scanning electron microscopy (SEM) because
it is generally fibrillated.

An alternative solution using the coating is to use a vinyl or cellulosic binder
soluble in water such as PVA (polyvinyl alcohol) or CMC (carboxymethylcellulose)
[176]. However, these binders are inconsistent with an operating voltage of about
2.7 or 2.8 V, which is to say to a potential of about +1.3 V/standard hydrogen
electrode (SHE). Studies clearly show, for example, that the CMC is degraded at
such voltage [177]. Generally, the CMC is not used alone but in combination with
Styrene butadiene rubber (SBR) [178].

Polyimide is an interesting alternative to achieve electrode supercapacitors, which
must operate at high temperatures (e.g., by coupling with ionic liquids). However,
this polymer is not easily implemented (usually in the form of resins with organic
solvent) and is extremely expensive. Moreover, the process requires evaporation
and specific reprocessing of organic solvents. This latter type of binder has the
advantage of having very good heat resistance, very good chemical inertness, and
therefore a degassing at higher temperatures (400 ◦C) than other binders.

Table 10.4 compares the aging of different binders. The electrolyte is Et4NBF4 1 M
in PC and the separator is in polypropylene. The 1 A galvanostatic charge/discharges
are performed between 0 and 2.8 V. As shown in Table 10.4, the drying binders
accepting a higher temperature (polyimide) enable stabilization of resistance and
capacitance over the operating time.
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Table 10.4 Binder impact on aging performance (Varnish and Rickocoat are polyimide-type
binders) [179].

Binder Thermal treatment
(temperature under
low pression) (◦C)

Initial properties Properties after 3000 cycles at 2.8 V

Capacitance (F) Internal
resistance (Ω)

Capacitance (F) Internal
resistance (Ω)

U-Varnish A from
Ube Industries

400 15.3 0.52 14.5 0.59

Rikacoat SN20E from
Shin-Nihon Rika

350 15.4 0.51 14.7 0.56

Varnish, N7525 from
TOYOBO

330 15.2 0.50 14.6 0.52

Cellulose 120 14.3 0.65 9.3 1.12
Polyvinyl alcohol 120 14.4 0.66 8.4 1.34

In the case of cellulose, there is a significant increase in resistance and a
decrease in capacitance. The PVA gives the worst performance. It seems that
formulation of the binder plays a key role in the evolution of the electrochemical
performance of supercapacitors. However, current use of the CMC, owing to its
low cost and the availability of a coating process, in aqueous media avoids waste
management coatings. In addition, many CMC types have been developed for
various applications. However, one of the major problems associated with the use
of this product is the need to maintain a certain pH range (generally between 5
and 7) so as to maintain a good mechanical stability. This pH value therefore
prohibited, in theory, the carbons containing many acidic groups [180]. However,
the chemical modification of the CMC, for example, by grafting an ammonium
salt instead of sodium, can change the pH range and for a better interaction
between the carbon and binder. For example, Hitachi has showed that a mixture
of PTFE and hydroxyalkylcellulose is more stable in the electrolyte than CMC and
polyvinylpyrrolidone [181]. Recently, new aqueous based binders have been devel-
oped by Zeon Corporation (SBR-type with improved adhesion) and by JSR-Micro
(new polyacrylamid-based binder for Li-ion batteries and supercapacitors).

However, Qu [182] has shown that capacitance is related to the wettability of
carbon by an aqueous electrolyte, which necessarily depends on the type of surface
groups present. The wettability particularly contributes to the increase in the
adhesion between the carbon and the binder used to manufacture electrodes [138].

An alternative method to the coating is extrusion. The advantage of this method
using a pressurized implementation of a paste is to limit sharply the use of solvent
(organic or aqueous). These polymers, except PTFE and polyimide, are extrudable
alone or in the process solvent. The charge rate is generally quite high (at least 80%
activated carbon) and can achieve very high thicknesses easily [183–185].

As a conclusion regarding binders, PVDF [186] (use of organic solvent
such as N-Methyl-2-pyrrolidone (NMP), Dimethyl sulfoxide (DMSO), (THF
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(tetrahydrofuran), etc.) and PTFE (aqueous or ethanolic-suspension-based process)
are very good alternative candidates to CMC or PVA binders.

10.2.1.6 Conductive Additives
As mentioned in the beginning of this chapter, active materials such as activated
carbons are not very conductive materials. In 1972, Zykov et al. [187] proposed
to add carbon black to activated carbon in a polymeric paste in order to improve
conductivity of EDLC electrode: this patent is the basis of all present patents using
coating and extrusion technologies.

It is generally necessary to add a suitable material capable of conferring electrical
conductivity to the activated-carbon-based electrode in order to reduce its ESR. Many
conductive additives have been developed – carbon black [188], mesoporous carbon
black (Ketjenblack), acetylene black, carbon whiskers, carbon fibers, CNTs, natural
or artificial graphite, metallic fibers such as aluminum or nickel fibers, metallic
particles, and so on. It is particularly advantageous for the conductive material to
have an average particle size, which is from 1/5000 to 1/2, and preferably from
1/1000 to 1/10, as large as the average particle size of the activated carbon [189].

Ketjenblack and acetylene black, both of which are types of carbon black, are
generally preferred, although including these two kinds of carbon black can be
slightly different [190]. Certain carbon blacks made via a gasification process, where
carbon black is a by-product of the reaction (e.g., Ketjen EC600, Ketjen EC300, or
Printex XE-2) have significant mesoporosity [191]. A comprehensive taxonomy of
graphites and carbons has been reviewed byWissler in 2006 [192].

Carbon black is electrically conductive and is widely applied for conductivity
improvement in polymer engineering and the electrochemical industry. It is
composed of more or less spherical particles (primary particles) with diameters
in the size range of 10–75 nm, which form aggregates (fused primary particles)
of 50–400 nm size. When homogeneously dispersed and mixed with the matrix,
the aggregates form a compact one-, two-, or three-dimensional network of the
conducting phase. Carbon black is usually very pure (about 97–99% C) and is
considered to be ‘‘amorphous.’’ However, the microstructure is similar to graphite.

Generally, requirements for conductive additives are

• good electrical conductivity
• acceptable corrosion resistance
• availability in high purity
• low cost
• high thermal conductivity
• dimensional and mechanical stability
• light in weight and easy to handle
• availability in a variety of physical structures
• ease of fabrication into composite structures.

Up to now, only carbon blacks have been chosen by supercapacitor manu-
facturers because such carbons are a good compromise taking into account all
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Figure 10.9 Variations of (a) gravimetric capacitance Cg and (b) volumetric capacitance Cv

of activated-carbon-based electrodes with acetylene black content and with various galvanos-
tatic rate.
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Figure 10.10 Variations of ESR (equivalent serial resistance), Re (electronic resistance), and
electronic conductivity of electrode with acetylene black content. Re and electronic conduc-
tivity were measured by a four-point method.

their requirements. However, CNTs and carbon nanofibers could be interesting
materials provided that their price decreases and purity increases.

An example of carbon black impact on volumetric and gravimetric capacitances
and on ESR is presented in Figures 10.9 and 10.10, respectively [193]. However,
it is important to notice that electrode thickness has a strong impact on ESR
whatever the conductive additive content. Taking this fact into account, most of the
manufactured electrode thicknesses for power application are in the range of 100
µm (from 50 to 120 µm).

10.2.2
Electrolyte

Various electrolytes exist in the market. Aging analysis is strongly linked to solvents
and/or salts. Toxicity, conductivity, and thermal stability are other important key
parameters.
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10.2.2.1 Electrolyte Impact on Performance
The energy stored in supercapacitors is proportional to the square of the applied
voltage. This voltage is generally limited by the electrochemical stability window
of the system. For a solid–liquid system, this parameter is limited either by the
electrochemical stability of the salt, solvent, or by the degradation of the electrode.

Electrolytes have a strong impact on the performance of supercapacitors because
of their role in the energy storage principle. Electrolytes modify ESR, and capaci-
tance values generate gases during aging [194]. In order to understand electrolyte
impact, it is necessary to keep in mind that the electrolyte is an ionic thermody-
namic system having limitation. Generally, the electrolyte is the greatest limitation
of the supercapacitor if the electrodes are stable.

Key parameters of electrolytes are conductivity, electrochemical stability (i.e.,
aging), thermal stability, and security (i.e., toxicity).

Conductivity The conductivity of an electrolyte is linked to ion concentration, ion
mobility, solvent or solvent mixtures, and to temperature.

Ions and Concentration Limits The first criterion for the choice of a salt is to
obtain an electrolyte having good electrical conductivity. Thus, in supercapacitors,
cations are often tetraalkylammonium ions, which have good solubility and good
conductivity in solvents with high dielectric constant. These cations are preferable
to alkaline cations because they avoid the possible occurrence of alkali metal at the
cathode at a fortuitous overload, leading to a passivation of the electrode. In addition,
the reduction potential of this cation is very low compared to Li/Li+, which provides
a wide range of stability. Peter et al. [195] indicate the use of glassy carbon as the
working electrode, which would achieve a stable cathodic tetraethylammonium
in dimethylformamide (DMF) of about −3 V versus saturated calomel electrode
at 25 ◦C (−2.96 V/Ag/AgCl, −2.78 V/ENH, 0.26 V/Li/Li+). Many investigations
have been conducted on the reduction of tetraalkylammonium ions on various
electrodes [196–202]. Whatever be the nature of the alkyl group, the cation RN4

+ is
often reduced to alkanes, alkenes, and corresponding trialkylamines. The anions
most often cited in the literature are BF4

−, ClO4
−, PF6

−, SO3CF3
−. These species

are characterized by their relatively large size (except for BF4
−), and their anodic

stability evolves in the following order: PF6
−≥BF4

−>SO3CF3
−≥ClO4

−.
The most popular ions are Et4NBF4 (tetraethylammonium tetrafluoroborate

or TEABF4) and Et3MeNBF4 (triethylmethylammonium tetrafluoroborate or
TEMABF4). Asahi Glass [203] has studied different salts and proposed the use of
Et3MeNBF4 instead of Et4NBF4 as the dielectric constant is higher for the first.
Table 10.5 summarizes the conductivities of ions in four different solvents (PC,
DMF, γ-butyrolactone, and ACN).

Given the high values of conductivity of solutions in ACN (55–58 mS cm−1

for 1 M TEABF4) [205] compared to other solvents, the use of Et4NBF4 in ACN
as electrolyte has been rapidly generalized. Only the Japanese industry prefers to
replace ACN, because of its toxicity, by PC. Currently, the life of supercapacitors
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Table 10.5 Conductivity of organic electrolytes (1 M, at 25 ◦C) in mS cm−1 [204].

Electrolyte Propylene
carbonate (PC)

γ-Butyrolactone
(GBL)

Dimethylformanide
(DMF)

Acetonitrile
(AC)

LiBF4 3.4 7.5 22 18
Me4NBF4 2.7 2.9 7.0 10
Et4NBF4 13 18 26 56
Pr4NBF4 9.8 12 20 43
Bu4NBF4 7.4 9.4 14 32
LiPF6 5.8 11 21 50
Me4NPF6 2.2 3.7 11 12
Et4NPF6 12 16 25 55
Pr4NPF6 6.4 11 19 42
Bu4NPF6 6.1 8.6 13 31
LiClO4 5.6 11 20 32
Me4NClO4 2.9 3.9 7.8 7.7
Et4NClO4 11 16 24 50
Pr4NClO4 6.3 11 17 35
Bu4NClO4 6.0 8.1 12 27
LiCF3SO3 1.7 4.3 16 9.7
Me4NCF3SO3 9.0 14 24 46
Et4NCF3SO3 11 15 21 42
Pr4NCF3SO3 7.8 11 15 31
Bu4NCF3SO3 5.7 7.4 11 23
Et3MeNBF4 15 — — 60

Bold values are the three most common EDLC electrolytes.

N

BF4
−

BF4
−

N
+

+

Figure 10.11 Examples of spiro salts.

based on PC electrolytes is lower than supercapacitor-based ACN, which shows the
influence of the solvent on the lifetime of components [206].

Recently, ‘‘spiro-’’ type salts (Figure 10.11) have been developed by Japan Carlit
[207] in order to provide higher concentration and higher electrochemical stability
than Et4NBF4. However, such electrolytes are expensive in comparison with
standard TEABF4 1 M in ACN, although performances are higher (Table 10.6).

Regarding salt concentration, Zheng and Jow [208] showed that the operating
voltage of supercapacitors is proportional to the concentration of salt in the
electrolyte. On the other hand, a minimum concentration is required to obtain a
maximum specific energy in the system (Figure 10.12).

Maxwell confirms such results: from 103 F g−1 with 0.1 M Et4NBF4 in ACN,
166 F g−1 is raised with 1.4 M with the same electrolyte [209].
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Table 10.6 Performance improvements using ‘‘spiro’’- type salts compared to standard PC-
based electrolytes.

Electrolytic
solution

Salt Solvent Electrolyte
concentration

(mol l−1)

Electrical conductivity
(mS cm−1)

Long-term reliability

At 30 ◦C At −40 ◦C Initial
capacitance
at 20 ◦C (F)

Capacitance
after

3000 h (F)

Capacitance
decrease

(%)

1 SBP-BF4 PC 2.50 20.41 1.53 1.55 1.41 9.0
3 PSP-BF4 PC 2.50 19.11 1.45 1.55 1.44 7.1
5 TEA-BF4 PC 0.69 11.21 1.31 1.57 1.34 14.8
6 TEMA-BF4 PC 1.80 16.15 1.45 1.55 1.30 16.2
7 TMI-BF4 PC 2.50 20.27 1.08 1.58 0.68 57.1

SBP-BF4: spiro-(1,1)-bipyrrolidinium tetrafluoroborate PSP-BF4: piperidine-1-spiro-1′-pyrrolidinium
tetrafluoroborate TMI-BF4: 1,2,3,4-tetramethylimidazolium tetrafluoroborate.
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Figure 10.12 Energy stored versus salt concentration and versus discharge current rate
(from 2 to 1000 mA).

Most of the data given in publications are at room temperature. However, for

most applications, it is important to remember that the temperature range of

supercapacitor use is from −30 to 70 ◦C. For wide temperature range applications,

−40–80 ◦C is required.

Although the concentration limit is strongly linked to temperature, it is important

during application to not crystallize the salt of the electrolyte in supercapacitors in

such temperature ranges.

Table 10.7 presents a few salts at two temperatures (room temperature and

−40 ◦C). As a result, although the concentration limit of TEABF4 in ACN is high

(more than 1.5 M) at room temperature, precipitation of salt just begins at −40 ◦C

if the salt concentration is 1 M [210].
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Table 10.7 Precipitation at −40 ◦C for various salt concentrations and conductivity values
for various concentrations at 25 ◦C.

Criteria Precipitation at −40 ◦C for various
salt concentrations

Conductivity at 25 ◦C (mS cm−1) for various
salt concentrations

Salt/solvent (M) 0.9 1.0 1.5 2 0.9 1.0 1.5 2
TEABF4/
acetonitrile

No Yes Yes Frozen 54 57 64 Not fully
dissolved

EtMe3NBF4/
acetonitrile

No No No Frozen 49 50.9 59.7 63.8

EtMePNBF4/
acetonitrile

Not
measured

No No No Not
measured

55.5 64.5 67.8

TEABF4/PC Yes Yes Frozen Frozen 13.6 14.0 Not fully
dissolved

Not fully
dissolved

EtMe3NBF4/
GBL

No No No No Not
determined

Not
determined

20.8 22.5

Bold values in Table 10.7 demonstrate standard electrolyte issues in various test conditions.
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J.P. Zheng, T.R. Jow, J. Electrochem. Soc. 144, pp 
2417-2420, 1997, [208].

M. Ue, K. Ida, S. Mori, J. Electrochem. Soc. 141, pp 
2989-2996, 1994, [204].

Figure 10.13 Conductivity of PC/TEABF4 electrolyte for various concentrations at 25 ◦C.

Such a study shows that an asymmetrical salt can provide a wider temperature
range and increase the concentration limit. Of course, crystallization is strongly
linked to interaction between solvent and salt.

For standard electrolytes, a difference between 1 and 1.5 M is not very significant
(Figure 10.13 combined from [204, 208]).

Because supercapacitors are power devices, ESR performance is one of the
important parameters. However, the resistance of the entire component is not
related only to the conductivity of the electrolyte. As Table 10.8 shows, only a part
of the resistance is related to the conductivity of the electrolyte.

Moreover, the electrolyte, and especially the salt, is one of the major parts of the
supercapacitor cost.
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Table 10.8 Conductivity impact on gravimetric power and energy at 25 ◦C.

Electrolyte Capacitance
(Ref: 100/

ACN)

Volumetric
power at 25 ◦C
(Ref: 100/ACN)

Volumetric
energy at 25 ◦C
(Ref: 100/ACN)

Gravimetric
power at 25 ◦C
(Ref: 100/ACN)

Gravimetric
energy at 25 ◦C
(Ref: 100/ACN

Conductivity
at 25 ◦C (mS cm−1)

(Ref: 100/ACN)

PC/
TEMABF4
1 M

100 81 100 81 84 27

ACN/
TEABF4 1
M

100 100 100 100 100 100

Taking into account all these reasons, most of the industrial companies limit
electrolyte concentration of TEABF4 to 1 M in ACN (or in PC).

Solvents Indeed, the criterion for the choice of solvent depends on the following
points:

• Its responsiveness to the electroactive species and/or material of the electrode.
• Its dielectric constant (permittivity ε of the solvent) and its polarizability. The

polarizability of an atom or group of atoms is the fact that under the action of a
magnetic field, the atom or group of atoms has their travel expenses depending
on the magnetic field. This concept is related to the charge density. The higher
the load is concentrated on one point, the less polarizable it is, as opposed to a
diffuse charge.

• Its electrochemical window stability [211]. This parameter depends on the chosen
salt and impurities that may exist or develop in the system. Thus, traces of
oxygen and water are very harmful in many systems. In this case, a reduction
parasite phenomenon may interfere with the purely electrochemical behavior of
the system, and thus limit the range of stability of the solvent–salt system [212].

Given these concerns, the solvents used for supercapacitors mainly belong to
three classes:

• The dipolar aprotic solvents with a high dielectric constant (close to that of water
εr = 78) such as organic carbonates, ethylene carbonate (EC, εr = 89.1), and PC
(PC, εr = 69).

• Solvents with low dielectric constant but with a strong donor character such as
ethers, dimethoxyethane (DME, εr = 7.20), and THF (THF, εr = 7.58).

• Aprotic solvents with intermediate dielectric constant such as ACN (ACN, εr =
36.5), DMF (DMF, εr = 37).

Electrochemical Stability and Aging One of the important parameters for electrolyte
use is the salt and the solvent electrochemical stability.
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Figure 10.14 Electrochemical stability (3.8 V) of TEABF4 1 M containing 14 ppm of water.
Theoretical stability of pure acetonitrile is 5.9 V.
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Figure 10.15 Electrochemical stability (2.7 V) of TEABF4 1 M containing only 40 ppm of
water.

As demonstrated in many studies [213–215], open circuit voltage (OCV) is close
to 3–3.2 V versus Li/Li+ depending on the working electrode: activated carbons do
not have same OCV depending on surface group content and types.

Electrochemical Stability of Ions and Solvents The electrochemical stability of a
solvent is strongly linked to impurities and to cathodic or anodic potential of this
solvent [216]. As an example, oxygen and water traces are very harmful for many
organic electrochemical systems. In this case, a parasitic reduction phenomenon
can interfere with the purely electrochemical system and limit the electrochemical
stability of the solvent–salt system [217].

To be used as a solvent, its electrochemical potentials must be wider than
the potential excursions of the supercapacitor, and impurity contents must be
controlled. Such an impact is demonstrated in Figures 10.14 and 10.15: the water
content in TEABF4 1 M in ACN can dramatically impact the electrochemical
stability of this electrolyte [146, 218].

A few common solvents are represented in Figure 10.16 [219].
Ions have electrochemical stability too. This parameter is very important, and

has to be taken into account in order to limit electrolyte degradation.
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Figure 10.16 Potential windows in various solvents based on a common potential scale
(vs Fc+/Fc) obtained by voltammetry at a smooth Pt electrode at 10 µA mm−2. For redox
potentials measured versus other reference electrodes, refer to [220].
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Jow et al. [221] have published a complete study demonstrating such impor-
tant parameters for many quaternary onium salts as nonaqueous electrolytes for
supercapacitors in EC/DMC (dimethyl carbonate) (1 : 1) mixture (Figure 10.17).

Aging Causes due to Electrolyte If the electrolyte is pure and its stability is high, only
interactions with other supercapacitor components can degrade this electrolyte.
As discussed previously, one of the most important electrolyte degradations is
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generated by adsorbed water and surface groups (especially acidic groups [222])
from activated carbon. Such interactions are exponentially generated if superca-
pacitor voltage is higher than 2.3 [223] to 2.5 V [224]. As a consequence of these
interactions, gases are generated and ESR is increased via pore blocking of activated
carbon and separator [225] and/or via electrode degradation [226]. A separator can
provide other impurities [227]. The drying separator is one crucial step in order to
reach high lifetime of the supercapacitor, higher capacitance, and lower resistance
[228].

In the electrolyte, BF4
− ions react with adsorbed water in the activated carbon

on the positive electrode to produce high frequencies (HFs) through an electrolysis
process. Then, protons behave as a catalyst for the decomposition reaction of PC.

Simultaneously, H3O+ ions migrate to the negative electrode and produce
hydrogen gas, thereby increasing the leakage current. In this way, electrochemical
reactions occur, favoring the gas generation.

Ufheil et al. [229] demonstrated that the PC could be decomposed into carbon
dioxide and acetone, in particular when solvent is used in batteries. Kötz et al.
[230] analyzed the gases generated during the operation of a supercapacitor-based
PC electrolyte (1 M TEABF4/PC). These studies show the formation of propene,
CO, CO2, and hydrogen to an operating voltage of 2.6 V. These data were already
mentioned in 2000 by Asahi Glass Co. [231]. This work was confirmed by Naoi et al.
[232] who separately characterized gas and water generation from AC positive and
negative electrodes working in a PC-based electrolyte as a function of applied cell
voltage from 2.5 up to 4.0 V. The authors also detected these gases in the system and
have shown through the development of an original process (Figure 10.18) that the
gases generated by the two electrodes are different. Indeed, the positive electrode
generates a significant percentage of propylene, ethylene, CO, and a small quantity
of hydrogen, while the anode generates only CO2 and CO emissions. The authors
also observed a phenomenon of exfoliation of the surface layers of ‘‘graphene’’
layers in activated carbon for a 3 V operating voltage (Figure 10.19). This exfoliation
is accompanied by hydrogen, CO, and CO2 gas generation. The authors have
suggested that CO and CO2 are initiated by the decomposition of activated surface
groups, while carbon dioxide is also generated by the oxidation of PC. Hydrogen is
produced by electrolysis of the remaining water.

Kurzweil and Chwistek [233] propose several theories to explain degradation of
ACN-based electrolyte:

• The authors suggest the presence of ACN gas, water steam, and ethene during
the operation of the supercapacitor.

• The alkylammonium cation is degraded at high temperatures by elimination of
ethene.

• The tetrafluoroborate anion is a source of fluoride, HF, and boric acid derivatives.
• Hydrogen is generated by the electrolysis of water and fluorination of carboxylic

acids.

As described previously, gases are generated during the operation of the super-
capacitor. The gas amount depends on the salt and the solvent [206]: H2 is the
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Figure 10.18 Components and ratio of the detected gaseous products in positive (a) and
negative (b) compartments as a result of the floating test. The floating test was performed
using an H-type cell at 4.0 V, 60 ◦C for 50 h.

main gas at the end of life for the ACN-based supercapacitor and results from an
electrochemical reaction. H2 increases continuously with floating operation. CO is
present at the initial stage and increases continuously with floating time, but the
CO content is low compared to H2. PC-based supercapacitors have a three times
shorter life span compared to ACN-based supercapacitor cells. CO is the main gas
produced during operation of PC-based supercapacitors, as confirmed by the Naoi
group. Although PC has a lower toxicity, PC-based cells have a more critical aging
as they release CO.

As a conclusion, a supercapacitor working in organic medium must mechanically
resist an increase of internal pressure in order to not leak. The main actors in the
market have patented solutions in order to solve this technological problem. The
solutions can be classified into five main categories:

• Solutions targeting gas evacuation from inside to outside of the component.
Reversible valve [234], porous polymer membrane [235], and metallic or ceramic
selective membranes [236] have been tested.

• Solutions in order to condense gas in the component using, for example, a getter
material [237].

• Solutions in order to reinforce the component via extra thickness of cover(s)
and/or of can.
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Figure 10.19 Speculations of crucial factors affecting the failure mode of PC-based elec-
trolyte EDLCs in each cell–voltage range.

• Solution targeting a gas generation decrease using chemicals. This solution is
developed hereafter.

• Solution targeting a control of component opening via an irreversible membrane
or a venting [238]. This last solution has a main drawback: the cell can no more
be used as an energy storage device and the electrolyte can leak.

Solutions have been proposed to reduce the decomposition of the electrolyte.
Honda [239] has developed a PC-based electrolyte in 2007 containing a solid
‘‘antacid agent’’ such as silicate or carbonate. Such an agent is introduced in the
positive electrode. The authors of this patent claim that it is possible to reduce
the decomposition of PC by blocking H+, leading to the amount of generated gas
being limited and thereby increasing the lifetime of the supercapacitor. Table 10.9
summarizes the impact of ‘‘antacid agent’’ on the initial and final performances of
the supercapacitor.

These results show that the percentage of antacid agent is inversely proportional
to the volume of gas generated. However, the loss of capacitance is not significant,
but the initial capacity decreases sharply in the presence of an activating agent
(from 5% for 1873 to 1380 F agent for 30% of antacid agent). Such data show that
acid is a gas generator but capacitance decrease is not related to acid species. This
data is rather restrictive for industrial application as the energy density is a critical
factor. The antacid agent seems to have a positive effect on self-discharge, meaning
that acid is generated by electrochemical reactions.

In 2008, the same authors proposed using sodium benzoate or potassium
benzoate as 〈〈antacid agent〉〉 in order to limit electrolyte decomposition [240]. This
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Table 10.9 Carbons used in these examples are alkali activated. Initial and final perfor-
mances with and without addition of antacid agent in positive electrode.

Amount of
antacid
agent
(wt%)

Initial
internal

resistance
(mΩ)

Initial
capacitance

(F)

Self-
discharge

(%)

Capacitance
after

1000 h (F)

Capacitance
maintaining

ratio (%)

Amount
of gas

generated
(ml)

Example 1 5 3 1873 92 1752 93.5 32
Example 2 10 3.1 1775 94 1668 94 18
Example 3 15 3.5 1676 95 1576 94 8
Example 4 30 4 1380 96 1300 94.2 2
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Figure 10.20 Impact of alkali benzoate amount on capacitance decrease.

0 10 20 30 40 50

Added amount (wt%)

60
50
40
30
20
10
0A

m
ou

nt
 o

f g
en

er
at

ed
ga

s 
(m

l)

Alkali activated carbon − Sodium benzoate

Alkali activated carbon − Potassium benzoate
Steam activated carbon − Sodium benzoate

Figure 10.21 Impact of alkali benzoate on gas generation for a steam-activated carbon and
an alkali-activated carbon.

effect is related to the appearance of a small amount of HF that would form NaF
or KF and benzoic acid. The authors believe that the acid formed is adsorbed on
activated carbon and is not active in the system. Figures 10.20 and 10.21 summarize
the results reported in this patent.

On one hand, these data reveal that acids are generated during the operation of
the supercapacitor. On the other hand, these chemical species are gas generators
as the presence of an agent ‘‘antacid’’ reduces the volume of gas created. In
conclusion, an interesting track is to avoid the acid formation during the operation
of the cell.
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Figure 10.22 Ragone diagram for two same size supercapacitors at different temperatures
and containing two different electrolytes (TEABF4 1 M in acetonitrile and TEMABF4 1.8 M
in PC).

Thermal Stability and Performances As described previously, the electrolyte
has an impact on performance (energy and power densities). Most of the data
shown in publications are given at room temperature. For most applications,
it is important to remember that the temperature range of supercapacitor use
is from −30 to 70 ◦C. For wide temperature range applications, −40 to 80 ◦C
is required.

Although the conductivity of the electrolyte increases with temperature, (20 ◦C;
70 ◦C) the range is generally not problematic. However, strong differences appear
between electrolytes. As an example, the Ragone plot at different temperatures
demonstrates such an impact (Figure 10.22).

The temperature range and conductivity of dimethylcarbonate/sulfolane or PC-
based electrolyte can be improved by fluorobenzene addition [241] and use of
EMPyrBF4 (ethyl methyl pyrrolidinium tetrafluoroborate) salt.

Despite conditions that appear to favor a very low-temperature operation, −40 ◦C
represents the typical rated lower operational limit for nonaqueous-based commer-
cial cells [242]. Cells using aqueous-based electrolytes and rated for operation to
−50 ◦C are available; however, they exhibit a lower energy density owing to the
more limited maximum operating voltage. Thus, in order for currently available
supercapacitors to find use in space avionics, they will require special thermal
control apart from the rest of the electronic subsystems, as most space-rated elec-
tronics are expected to operate to at least the −55 ◦C limit [243]. Supercapacitor
cells have been characterized extensively down to the −40 ◦C limit, mainly to study
fundamental electrode processes and characterize leakage phenomena [244, 245].
These data indicate that cell performance is still acceptable at −40 ◦C, leaving open
the possibility for even lower temperature operation [246]. There is a dearth of
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Table 10.10 Potential solvent usable for low-temperature electrolytes.

Solvent Freezing
point (◦C)

Boiling
point (◦C)

Dielectric
constant (ε)

Viscosity
(cP)

H3C C N Acetonitrile −45.7 81.60 37.5 0.345(25 ◦C)

H
C

O

O

CH3 Methyl formate −100 32 8.5 0.319(29 ◦C)

CH3
H3C

O

O Methyl acetate
C

−98 56.9 6.68 0.38(20 ◦C)

CH2
CH3H3C

O

O
C

Ethyl acetate −83.6 77.1 6.0 0.426(25 ◦C)

O O
1,3–Dioxolane −95 78 7.3 0.6(20 ◦C)

data for supercapacitors below this temperature limit, however, because of the
relatively high freezing point of the solvents used in commercially available cells
(PC or ACN). The most significant challenges in tailoring the electrolyte proper-
ties are to design electrolyte formulations with lower melting points while still
maintaining adequate ionic conductivity, and to minimize the rise in ESR at lower
temperatures caused by an increase in solvent viscosity. Few organic solvents have
interesting physicochemical properties [247] (Table 10.10): methyl formate (MF),
methyl acetate (MA), ethyl acetate (EA), and dioxolane (DX).

The conductivity of mixtures have been measured at various temperatures and
compared to the standard ACN-based electrolyte. These mixtures show good results
at very low temperatures until −55 ◦C (Figure 10.23). However, high temperatures
and floating tests have not been measured for these electrolytes.

Other mixtures have been proposed in order to find a wider temperature range
versus ACN (Figure 10.24) [248].

At high temperatures, conductivity is more favorable for high-power applications.
Nevertheless, aging is generally accelerated because electrochemical reactions are
activated by temperature.

ACN can be used at 80 ◦C in peak applications. Above this temperature, PC-based
electrolytes can be used but aging is highly impacted. Other solvents can be used
as substituents such as sulfolane or EC, if applications are working only at high
temperature.

For wider temperature ranges, ionic liquids can be a solution, as we describe
hereafter.

Toxicity Although γ-butyrolactone is an interesting solvent for EDLC electrolyte,
the toxicity of γ-butyrolactone (GBL) is questionable because it is potentially a
Gamma hydrobutyric acid (GHB) initiator. In future, GBL could be a control
substance [249].
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Figure 10.23 Electrolyte conductivity versus temperature for the electrolytes working at low
temperatures compared to standard electrolyte TEABF4 1 M in acetonitrile.
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Figure 10.24 Specific conductivity versus temperature dependencies for different solvent
systems (with addition of 1 M TEMABF4. EC: ethylene carbonate. DMC: dimethyl carbonate.
DEC: diethyl carbonate.

A few very common solvents and their toxicity are mentioned in Table 10.11.

10.2.2.2 Liquid-State Electrolyte and Remaining Problems
As shown in previous table, the two main problems of ACN are its low flash point
value and its toxicity. That is the reason most supercapacitor manufacturers have
designed their cell in order to avoid electrolyte leakage during operation. Efforts
are made by manufacturers to limit electrolyte quantity in cells to avoid liquid
leakage if the cell is mechanically destroyed. Despite this technical improvement,
ACN is still not accepted in Japan. Given the growing environmental constraints,
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Table 10.11 Flammability, toxicity, and flash point for few usable solvents for EDLC
electrolytes.

Flash point (◦C) FP Boiling point (◦C) BP Toxicity

Acetonitrile (ACN) 5 81.6 Xn
3-methoypropionitrile (MPN) 66 165 Xi
Propionitrile (PN) 6 97 T
Butyronitrile (BN) 16 116 T
Propylene carbonate (PC) 123 242 Xi
Ethylene carbonate (EC) 150 248 Xi
Dimethyl carbonate (DMC) 18 90 —
Diethyl carbonate (DEC) 25 126 —
Dimethylformamide (DMF) 57 153 T
2-Pentanone (2PN) 7 102 Xi
Methyl ethyl ketone (MEK) −3 80 Xi
γ-Valerolactone (GVL) 96 207 Xi
γ-Butyrolactone (GBL) 104 206 Xn
Methyl propyl ketone (MPK) 7 102 Xi
Methyl formate (MF) −19 32 Xn
Ethyl formate (EF) −20 54 —
Ethyl acetate (EA) −4 77.1 Xi
Methyl acetate (MA) −10 56.9 Xi
Diethylsulfone (DES) 246 246 —
Dimethylsulfone (DMS) 143 238 —
Sulfolane (SL) 177 285 Xn
Dioxolane (DX) −6 78 Xi

T, toxic; Xn, harmful; Xi, irritant; —, not dangerous. Flammability is directly related to FP and BP:
extremely flammable, FP < 0 ◦C and BP ≤ 35 ◦C; highly flammable, 0 ◦C ≤FP < 21 and 35 ◦C < BP;
flammable, 21 ◦C ≤ FP < 61 and 35 ◦C <BP; combustible, 61 ◦C < FP.

studies (essentially in Japan) have been performed in order to replace ACN as
electrolyte solvent and/or to improve PC-based supercapacitor performance, taking
into account that many optimizations have already been done, such as ‘‘spiro’’ salts
or TEMABF4. As a result, no suitable alternative to ACN has been found, especially
in terms of conductivity [169] and the thermal stability and electrochemical stability
combination [250, 251]. It is important to note that mixtures of ACN have been
tested and this can be interesting in terms of conductivity. However, they do not
bypass a potential prohibition of ACN [243, 252]. As demonstrated previously, one
of the major problems of a highly conductive liquid electrolyte is the low flash point
value. In order to improve this value, flame retardants have been developed [253]
but such a solution is still not industrialized.

10.2.2.3 Ionic Liquid Electrolyte
Pure ionic liquids (without any additional solvent) have been tested as electrolytes
for supercapacitors [254]. Such electrolytes have the advantage of being solvent-free,
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Figure 10.25 Voltammetry characteristics (5 mV s−1) for activated-carbon-based super-
capacitor with [(C6H13)3P(C14H29)] [Tf2N]/acetonitrile 25%, organic and acidic electrolytic
solutions.

stable over a wide temperature range, and not flammable. Unfortunately, conduc-
tivity is generally lower than that of electrolytes based on PC [255]. However, few
ionic liquids such as alkylimidazolium tetrafluoroborate (except EMIBF4 [256]) or
N-butyl-N-methylpyrrolidinium-bis-(trifluoromethanesulfonyl) imide (PYR14TFSI)
[257] demonstrate high electrochemical stability [258–260]. In addition, these prod-
ucts are difficult to purify because they cannot be distilled [261, 262]. However, it is
important to remember that the lifetime of supercapacitors is closely related to the
purity of electrolytes [263]. This has resulted in increasing sharply the price of these
products, making them potentially unsuitable for the industry. However, these new
electrolytes can be good tracers to confirm the results of numerical simulations
and, in particular, allow proving that the solvatation of ions is not necessary to store
energy [264]. In addition, they can be used at high temperatures [265].

As a result, ionic liquids are expensive compared to PC-based or ACN-based
electrolytes. Such electrolytes could find applications in niche markets working
at high temperatures or working at low power density but at high voltage (if
purity is high). Ionic liquids have been tested as salts in organic electrolyte
[266], as presented in Figure 10.25 [267]. Two very interesting studies have been
dedicated to these mixtures and have demonstrated encouraging results in order to
increase the conductivity of ACN-based electrolytes [268] and ACN-free electrolytes
[269].

Products (cells and modules) are now available in Japan through an association
between Nisshinbo and Japan Radio Co. [270, 271]. These products, using DEME-
BF4 (N,N-diethyl-N-methyl-N-(2 methoxyethyl)ammonium tetrafluoroborate), have
demonstrated higher performance than standard PC-based electrolytes [272].
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10.2.2.4 Solid-State Electrolyte
The main advantage of solid-state electrolytes is to concentrate, during the manu-
facturing process, the electrolyte and separator in the same material. Taking into
account that electrolytes must not contain any electrochemical impurities, most
solid-state electrolyte studies have been performed on alkaline systems working at
low voltage to avoid aqueous degradations.

Supercapacitors are devices dedicated to power applications. Although interest-
ing results have been found in aqueous medium with alkaline PVA electrolyte [273],
organic-medium all-solid supercapacitors do not show attractive results, especially
for conductivity reasons at low temperatures (as for ionic liquids) and for low
impregnation of ions in electrodes. However, subvoltage micro-sized supercapac-
itors found application in digital electronics [274] because no power is needed
and voltage management is easier than in a microbattery. Products working in
solid-state electrolytes are commercially available from AVX (BestCap).

For these reasons, such electrolytes have not found success in large supercapacitor
markets.

10.2.3
Separator

10.2.3.1 Separator Requirements
The requirements for separators are electrochemical stability (high purity and
electrochemical stability of materials), high porosity, high thermal inertia, and
chemical inertia versus electrolyte. In addition, because a separator is a nonactive
material in a supercapacitor, the separator thickness should be as thin as possible
and the cost must be low. Its minimum size nevertheless is limited by the following:

1) The electrical shortening failure risk due to free carbon particles, which may
create a contact between the two electrodes (high self-discharge rate or short
circuit) [275].

2) The mechanical strength in order to allow the winding process.

10.2.3.2 Cellulosic Separators and Polymeric Separators
Theoretically, supercapacitor electrodes can work without a separator if the distance
between electrodes can be maintained [276]. Practically, it is quite impossible
to maintain such devices without any short circuits. Numerous studies have
been conducted to provide suitable separators for supercapacitor applications.
Generally, these separators are very porous (more than 50%, up to 80%) in Li-ion
separators (between 30% and 50%), in the order of 45–90%. However, when the
porous separator is too high, it requires a greater quantity of electrolyte in the
supercapacitor, and therefore the cost is higher. A compromise exists between
separator cost, the electrolyte needed, and the resistance due to the separator. Paper
separators consisting mainly of solvent-spun cellulose or recycled cellulose fibers
are conventionally used as separators in supercapacitors. Figure 10.26 shows such
a standard cellulosic separator made of cellulose fibers. These separators were
developed initially for an aluminum electrolytic capacitor.
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Figure 10.26 Standard cellulosic separator for EDLC (× 1000, SEM picture). Courtesy of
Batscap.

The thickness range is between 15 and 50 µm. The density of such materials is
quite low (lower than 0.85). Owing to the large electronic market, the separator price
is quite low and quality can be high (purity of cellulose). However, it is necessary
to strongly dry such separators to avoid water contamination in supercapacitors
[277–279]. The drying process can be performed by thermal outgassing or acetone
washing [280]. As energy density and power density increase in proportion to the
square of the voltage, there has been considerable activity in the improvement of
electrode materials. As the upper limit voltage of conventional activated carbon
electrodes is about 2.5–2.7 V, an electrode operating at an upper voltage limit has
been developed. When paper separators are exposed to a high voltage of at least
3 V, oxidative deterioration occurs, resulting in a considerable decrease in strength
possibly leading to tearing of the paper [281]. Thus, paper separators are unsuitable
for use as separators in EDLCs operating at such high voltages.

That is the reason many polymeric-based separators have been developed and
are now commercially available [282]:

• Cellulosic separators [283]. The separator is formed of a material that is soluble
in the electrolyte. The material in the separator is dissolved in the electrolyte after
the separator is impregnated with the electrolyte (Figure 10.27).

• Glass-fiber-based separators. Fiber size is generally in the range 1–4 µm with
70–90% of porosity. The thickness of such separators is higher than 30 µm,
especially to avoid short circuits [284]. Thinner separators based on glass fibers
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have been developed using a binder such as polyamide [285] to glue the fibers in
between.

• Porous polypropylene films [286–288] (Figure 10.27). These separators have been
developed for Li-ion applications. Most of these separators are not porous enough
to maintain low ESR for EDLCs.

• Polyethylene separators with mineral charges [289] have been developed in order
to increase heat resistance (Figure 10.27).

• Multilayer separator [290]. On one standard polymeric separator, a layer of
ultrafine fibrous aggregate prepared by an electrostatic spinning process is
deposited. Average fiber diameter of ultrafine fibers constituting the ultrafine
fibrous aggregate layer is 1 µm or less. This process helps avoid short circuits
between electrodes.

• A separator made of a thermoplastic resin and a pulp fiber [291]. This kind of
separator has an excellent mechanical strength in addition to ion permeability, gas
permeability, or liquid permeability. However, the price is quite high compared
to a cellulosic separator.

• PTFE-based separators (Gore, Figure 10.27)
• Polyimide-based separators [292]. Owing to its very high heat resistance, poly-

imide can be used as separator for high-temperature applications. However, the
price of such a separator is very high and can be only considered for niche
markets.

• Polyamide-based porous film with TiO2 for higher heat resistance [293] and
aromatic polyamide fibers–cellulose fiber mixture [294].

An interesting work has been carried out on supercapacitor separators by T. L.
Wade [295]. His conclusions are as follows:

1) The separator is a major contributor to the resistance of high-power superca-
pacitors (causing greater than 30% of the total resistance for four commercial
separators investigated).

2) There is a reasonable linear relationship between supercapacitor resistance
and separator thickness (demonstrated by varying the number of separator
layers in a cell).

3) Supercapacitor resistance is a function of voltage.
4) The electrode bed may influence the resistance of the separators through

electrolyte depletion and possibly other effects.

10.3
Cell Design

Numerous designs have been developed. Design is strongly linked to targeted
market and cost efficiency. Assembly processes are hereinafter presented.

This part is dedicated to the description of cell design of various commercial
supercapacitors. Analysis of components is described taking into account targeted
markets.
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Figure 10.27 SEM images of commercial separators created using a variety of materials:
Celgard 2500 (polypropylene) (a), Nippon kodoshi corporation (NKK) TF40 (cellulose) (b),
Solupor 14P01A (ultrahigh molecular weight polyethylene) (c), Gore 11367985-3 (polyte-
trafluoroethylene) (d). All scale bars are 2 µm (T. L. Wade, PhD Thesis).

First of all, it is important to distinguish small components (coin type) and large
components (capacitance higher than 300–500 F) because of their applications and
their architecture.

Three main processes exist to package these cells:

1) By potting (aluminum electrolytic capacitor process). The stack or the wound
is rolled up, fitted with pin connectors and placed in a cylindrical aluminum
casing. The two most popular geometries are axial leads coming from the
center of each circular face of the cylinder, or two radial leads or lugs on one of
the circular faces. A butyl rubber gasket is placed on top of the header before
the spinning operation, in which the case opening is folded over and pressed
into the gasket, forming an effective seal of the system. The package is at the
same potential as the electrolyte and one of the electrodes during capacitor
operation, so when supercapacitors are connected in series, care must be
taken to insulate the cases from one another. A safety vent can be provided in
such supercapacitors so that the supercapacitor may relieve excessive pressure
buildup in a controlled manner. This occurrence is known as venting, and is
considered a failure mode. The vent may be installed as a rubber plug in the
header or as a die-set slit impression in the can wall. The pressure at which
the capacitor vents is predictable, and is usually designed to occur at about
7 atm pressure or even higher. The allowable pressure tends to be higher
for small capacitors. After a capacitor vents, the electrolyte may evaporate out
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until the capacitance diminishes. Generally, such supercapacitors have a high
ESR and performances are not very high. This technology is well adapted for
small supercapacitors dedicated to electronic applications. Such components
are detailed hereafter.

2) Casing and cover are assembled by edge rolling, curling, or heading process
with a gasket to ensure tightness and to avoid short circuit if electrodes
are connected to casing and cover, respectively. Such a process has higher
performances than the previous type. Tightness is high and well adapted to
large supercapacitors. This technology has been accepted by Maxwell, Nesscap,
LS Cable, and so on.

3) Casing and cover are assembled by glue and each part is connected to one
electrode. In this case, the glue plays two roles: it helps ensure air and water
tightness, and glue insulates the two parts. This design has been patented by
Batscap.

10.3.1
Small-Size Components

Small components are quite exclusively dedicated to electronic applications as
welded components on electronic cards: wireless communication for utility meters,
energy storage for actuators, backup power for memory boards, and wireless base
station power quality for telecommunications. Such components can also be found
in after-market audio systems (5–15 F), laptop computer power management, as
energy storage system for toys, as power system for LED flash of mobile handsets,
and other portable applications (less than 1 F, thin cells). The main actors in
these markets are Panasonic, NEC-Tokin, Elna, Seiko, Korship, Cooper Bussmann,
Alumapro, CapXX, Shoei Electronics, Smart Thinker, Nichicon, Nippon Chemicon,
Vina, Vishay, Rubycon, and so on.

The market increase of these components is still high, but technology can be
considered as advanced. Energy and power densities are not key parameters except
for new technology mobile applications explaining the thin cell developments.

These components can have two physical appearances:

1) Coin cells: The physical appearance is similar to a coin cell battery (Figure 10.28).
2) Wound cells: Generally, capacitance is higher than coin cell capacitance. Such

components look like electrolytic and dielectric capacitors (Figure 10.29).

10.3.2
Large Cells

Large cell construction does not have standards for the moment (although standard-
ization is in progress): each manufacturer designs its cells depending on internal
developments and performance optimization.
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Figure 10.28 EN/EP Panasonic coin-type cell construction [296] (Gold capacitor).
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Figure 10.29 HW/HZ Panasonic wound-type cell construction [297] (Gold capacitor).

Two main types for such components can be distinguished:

1) High-power cells, dedicated to power application such as vehicle hybridization
and urban transports

2) Energy cells for stationary applications such as uninterrupted power supply
(UPS).

10.3.2.1 High-Power Cells
The main «high-power cell» manufacturers are Batscap (France), Maxwell Tech-
nologies (USA), Nesscap (South Korea), and LS Mtron (South Korea). Owing to
targeted power applications, cell design is very simple in order to obtain the lowest
ESR as possible.

One of the most important parameters is the time constant. This constant equals
the capacitance value by ESR (total resistance or RsDC ‘‘Direct Current’’ Resistance
or ESR). For such cells, the time constant is lower than 1 s.
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Figure 10.30 High-power cells. (a) Batscap (650–9000 F), cylindrical, (b) Maxwell Tech-
nologies (650–3000 F), cylindrical, (c) Nesscap (650–3000 F), cylindrical, and (d) LS Mtron
(100–3000 F), prismatic and cylindrical.

In Figure 10.30, cells are presented. Generally, these cells have a limited number
of components.

An advantage of the spiral wound cell of the double-layer capacitor is that large-
surface-area electrodes can be rolled into a small case. The large electrodes greatly
reduce the internal resistance of the capacitor and the case greatly simplifies the
capacitor seal or the sealing required for the double-layer capacitor. In a bipolar
design, each cell must be sealed around the perimeter of the electrode. However, in
a wound design, only the outer can requires sealing. This design is not as efficient
as a bipolar design when the cells are stacked in series, because the resistance of
the lead wires will add to the ohmic losses.

As, for example, a direct laser welding between can (or cover) and current
collector without any intermediate parts has been developed by Batscap to strongly
limit the ESR (Figure 10.31). Maxwell Technologies and Nesscap have quite the
same design using wounding welded on an intermediate aluminum stamped part
on the cover (or the can). Electrode thickness is generally thinner than 100 µm
in order to limit ESR. All these cells are ACN based for conductivity and thermal
stability reasons. These cells are 2.7 or 2.8 V rated.

Because of targeted application (automotive and urban transportation), extensive
tests have been performed. As a conclusion, it is assumed that these cells have to
resist overpressure (almost 5 bars) and must be totally sealed (electrolyte leakage
is prohibited). Then, these cells must be water and airtight. The cover and can are
aluminum based.
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Figure 10.31 Batscap cell design with direct laser welding between cover and can.

(b)(a)

Figure 10.32 Energy-type cells. (a) Nichicon evercap (600–4000 F) and (b) Nippon Chemi-
con DLCAPTM (100–3000 F).

10.3.2.2 Energy Cells
The main 〈〈energy cell〉〉 manufacturers are Nippon Chemicon (Japan), Panasonic
(Japan), Nichicon (Japan), Asahi Glass (Japan), and Meidensha (Japan). Most
Japanese EDLC manufacturers are electrolytic capacitor manufacturers too and
have extensive know-how in cell industrialization. The construction of these cells
is more inspired by electrolytic capacitors (Figure 10.32). The ESR of this cell type
is higher for three main reasons: these cells are PC-based electrolytes, the design
is not optimized for power, and the thickness of the electrode is generally higher
than power-type cells in order to increase the energy density value.

The use of a PC-based electrolyte and targeted application enable the energy cell
manufacturer to use the same electrolytic capacitor parts in the design: plastic part,
connection on the same side of the cell, rolling process, and so on.
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Figure 10.33 Pouch cells from CapXX ((a) 0.9 F, 4.5 V, size (mm max): 39 × 17 × 3.5),
APowerCAp. ((b) 430 F, 2.7 V, 57 g, 45 ml), Nisshinbo. ((c) 1000 F, 3.0 V, size (mm): 135 ×
130 × 9.2, 202 g, 162 ml, with valve), and Yunasko ((d), 1500 F, 84 × 240 × 16, 250 g).

These cells are generally rated to 2.3–2.5 V in order to limit the aging and because
of the use of PC electrolyte.

10.3.2.3 Pouch Cell design
This kind of cell is generally manufactured for small and middle size EDLC (up to
1000 F). Such a design, directly inspired from the Li-ion cell phone design, enables
maximizing the energy density (gravimetric and volumetric) and is convenient
for flat integration in applications such as cell phones (CapXX, Figure 10.33a)
and electronics. Large cells have been developed by APowerCap (Figure 10.33b),
Nisshinbo (Figure 10.33c)and Yunasko (Figure 10.33d).

Because of the very light packing, these cells have higher power and energy
densities. For small electronic devices, restrictive environment requirements are
not needed. However, these cells have major inconveniences:

• It does not resist mechanical shocks.
• Thermal management efficiency is low compared to standard technologies.
• With gas generation, cell volume is strongly modified.
• Polymer-based sealed wraps are not water and airtight for long-term application.

10.3.2.4 Debate on Cell Design: Prismatic versus Cylindrical Cells
As mentioned previously, two main cell types coexist on the market.

For many applications, cell design is questionable. However, every cell design
has found its market, linked to cell size (small and large). Taking into account these
parameters, it is possible to summarize the present situation (Table 10.12).

As a result, large prismatic cells have a higher energy density, especially when
they are assembled in modules for geometric aspects. However, these cells contain
more parts than cylindrical and are more expensive to manufacture.

10.3.2.5 Aqueous Medium Cells
Aqueous-based electrolyte unit cells are not commercially available for reasons of
low voltage: only modules are available and will be described in detail hereafter.
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Table 10.12 Key parameters for prismatic and cylindrical cells.

Parameter Prismatic Cylindrical Pouch

Up to 100 F Very few design with
metallic case (flat cells)
Manufacturer example:
NEC/Tokin, Cellergy,
Maxwell Tech., OptiXtal,
Kyocera-AVX, Tecate

Most acceptable design
Manufacturers: Panasonic,
Nippon Chemicon, NEC,
Korchip, Maxwell Tech.,
Nichicon, Elna, and so on

Few designVery flat cells
Manufacturers: CapXX

Advantages Hermetic if sealed
Convenient for cramped
environment High
volumetric energy density

More or less hermetic Low
cost design

Very light Cheap Highest
energy density

Inconveniences High cost design Not relevant for flat device Poor lifetime in restrictive
environment such as high
temperature and/or
humidity

Above 100 F Nesscap LS Cable Nippon
Chemicon Meidensha Ioxus

Most of manufacturers:
Batscap, Maxwell, Nesscap,
Nippon Chemicon,
Panasonic, Elna, and so on

APowerCap Nisshinbo
PowerSystem (unit cell of
modules), Yunasko

Advantages Higher energy density than
cylindrical Hermetic

Cheaper to manufacture
Generally better cycle or
calendar life Low number of
part High efficient thermal
management

High energy density Cheap
to manufacture Limiter
number of part

Inconveniences Higher ESR High cost
design (high number of
parts/cell) More expensive
to manufacture Less
efficient thermal
management

Lowest energy density Poor lifetime in restrictive
environment such as high
temperature and/or
humidity Do not resist to
chocks (potential electrolyte
leakage) Very low efficient
thermal management

Bold letters would be efficient to differentiate EDLC types (up to 100F, above 100F).

10.4
Module Design

Modules are designed for specific applications. High voltage and power efficiency
are needed. Key parameters are commented on such as thermal management, cell
assembly, connection, electronics, and balancing.

The use of supercapacitors in high-power applications can be done by combining
several components in series, thereby achieving higher voltages. The main advan-
tage of such voltage is the energy increase. At the same time, most applications
require DC/DC converter: a very low voltage (such as 2.5 or 2.8 V) is not convenient
for high-power applications (a converter would be expensive and efficiency would
not be high).
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Figure 10.34 Example of small-size supercapacitor module based on welded components
on an electronic card (Vina Technology).

Regarding small-size supercapacitor modules, these are generally assembled in
series or in parallel directly on an electronic card (the example in Figure 10.34).
Most applications (essentially memory backup) using such modules do not need
any high current discharge, and thermal management is not a key parameter.

In the past, the lifetime of a module based on large cells was strongly decreased
in comparison with unit cell lifetime.

For these reasons, many improvements have been performed by major manu-
facturers in the past five years.

Modules can be classified into two main families via their design:

1) Modules made of hard design unit cells (cylindrical or prismatic) connected in
series or in parallel

2) Modules made of pouch unit cells.

10.4.1
Large Modules Based on Hard-Type Cells

These modules contain the following:

1) Unit cells
2) Metallic connections between cells
3) Two electric terminals
4) An electric insulator between cells and external envelope – can advantageously

be a heat dissipator for the module
5) A balancing system
6) Other additional information via detectors
7) An enclosure (in plastic or in aluminum).

In a module, only unit cells contain active materials. For this reason, power
and energy densities of the module are always lower than unit cell performances
included in the module. Most manufacturers have designed their modules in
order to minimize the passive materials versus the mass and volume of the cells,
taking into account that safety, environment, and aging must not be degraded for
the benefit of performance. In some cases, geometry can be very different from
rectangular shape in order to be easily placed in the final application [298].
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Figure 10.35 Various shapes of connecting strip. Flat ((a) Batscap, 40), with elevated edge
((b) EPCOS, 32), U-form for tubular design ((c) EPCOS, 1).

In the following paragraphs, a few solutions concerning passive components of
this module type are detailed.

10.4.1.1 Metallic Connections Between Cells
To increase voltage (connections in series) or capacitance (connections in parallel),
it is necessary to connect supercapacitor unit cells to each other. These connections
are constrained by the geometry of cells and positioning of the terminals on
the cells. For example, if cell terminals are flat, the connecting strip can be flat
[299] too (Figure 10.35a). Strip geometry can be more complex if cells are rolled
(Figure 10.35b) of if the module is tubular [300] (Figure 10.35c).

The mechanical connection between the components and connecting strip can
be done, for example, by welding [301], by thermal difference between terminal
and strip [302], brazed [303], screwed [304], and so on. Generally, connecting strips
play the role of a thermal dissipater from the cell to the exterior of the module.

10.4.1.2 Electric Terminal for Module
Although high current load must be accepted by an electric terminal, the connection
between terminals and the first and last cells, respectively, must demonstrate a very
low resistance in order to strongly limit heat generation. This concept is strongly
inspired by electrolytic capacitor technologies [305]. One common accepted way is
to weld the module terminals directly on the first and the last cell of the module
[306] (Figure 10.36).

10.4.1.3 Insulator for Module
It exists on the market as many insulating materials, based on polyolefins,
polyesters, and so on.
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1
2

Figure 10.36 Terminal connection 1 on a cell 2 (first or last).

Insulator2

1

Figure 10.37 Insulator, heat dissipating wings (2) and cells (1). Arrows correspond to heat
dissipation direction.

Polyimide and PTFE are convenient if thickness is small. A heat-conducting foil,
which is plastically or elastically deformable under pressure, is provided between
the terminals of the storage cells and the cooling plate. Such a heat-conducting
foil preferably contains ceramic, silicone, wax, or a mixture of various thermally
conductive substrates, and may have multilayer coatings [307].

One of the most useful materials used as an insulator is elastomeric based and
filled with carbon black (Figure 10.37).

The layer of elastomer covers several functions simultaneously [308]. It allows
the following:

• Electric insulation of the whole of storage with respect to case, thanks to a tension
of breakdown higher than l kV
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• Absorption of geometrical dispersions of the whole of storage because of the
tolerances of manufacture, thanks to its aptitude for compression

• Improvement of heat exchange between the whole of storage and the outside of
the module.

10.4.1.4 Cell Balancing and Other Information Detection
In order to ensure durability and safety of modules, thermal modeling of the
supercapacitor cell can be a key factor in maintaining the operating temperature
and the temperature uniformity of the supercapacitor module within a suitable
range [309, 310].

Cell to cell voltage balancing is necessary to evenly distribute the total system
end of charge voltage across a series of cells. Cell parameters (capacitance, series
resistance, and self-discharge) are never fully equal because of process and aging
variations [311]. Hence, if no balancing electronics is used, a risk of cell overvoltage
exists and could result in excessive aging. Most common voltage balancing is
achieved by driving a bypass current in or out of cells when the voltage goes above
the nominal voltage. The most appropriate balancing voltage system consists in
one balancing circuit per cell connected in series. Because a small part of the charge
current is used, this electronics does not provide full protection against overvoltage.
Its efficiency depends on the application cycle.

(a)

(c) (d)

(b)

Figure 10.38 Module enclosure of (a) LS Cable (16.8 V/500 F), (b) Nesscap (111 F/48 V
and 166 F/48 V), (c) Maxwell (165 F/48.6 V), and (d) Batscap (150 F/54 V).
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In some high current applications and in extreme low-temperature applications,
it is necessary to detect other additional information such as temperature cutoff
system or electrolyte leakage or hydrogen detection to prevent accidents. Such
detectors are expensive but can be convenient for niche markets.

10.4.1.5 Module Enclosure
Figure 10.38 illustrates an aluminum enclosure of various modules. Batscap 150
F 54 V module (Figure 10.38d), made of 3000 F unit cells, is dedicated to urban
transport applications. For these applications, Batscap has made many efforts
to meet the strongest requirements for advanced transportation systems (see
Table 10.13 for more details). As, for example, this module is cooled by simple air
ventilation (heat sink on one side) and conforms to fume and smoke standards
(Table 10.14).

Although energy and power densities (3.4 Wh l−1, 0.8 kW kg−1 at 10 s) are quite
low compared to the cell’s values (more than 6 Wh l−1, 1.4 kW kg−1 at 10 s), such
modules are very secure.

10.4.2
Large Modules Based on Pouch-Type Cells

As described previously, pouch cells are convenient to optimize energy and power
densities because of passive component minimization.

Table 10.13 54 V 150 F Batscap module performances.

Parameter Unit value

Voltage V 54
Capacitance (54 V, 20 ◦C) F 150
ESR (DC, 54 V, 20 ◦C) m� 5
ESR (1 kHz, 54 V, 20 ◦C) m� 3
Time constant (54 V, 20 ◦C) s 0.75
Rated RMS current A 150
Maximum peak voltage V 58
Stored energy(54 V, 20 ◦C) Wh 61
Available power at 10 s (54 V, 20 ◦C, DODV 50%) kW 13
Available power density at 10 s kW kg−1 0.8
Volume l 18
Weight kg 17
IPrating IP — 65
Temperature range ◦C 40 to +65
Maximum peak temperature (low current) ◦C 80
Insulation level, case to HV, 50 Hz 10 s kV 2.8
Insulation level, LV to HV 50 Hz 10 s kV 4.6
Number of cycles (54 V, 100 Amp RMS, 20 ◦C) — >5 million
Floating 50 V 20 ◦C h 50 000



358 10 Manufacturing of Industrial Supercapacitors

Table 10.14 Tests performed on 54 V 150 F Batscap module and its results.

Test Standard reference or description Result

Abuse storage IEC 60068 Passed
−40 ◦C, 70 ◦C, 95% HR 45 ◦C

Salt spray IEC 60068 Passed
96 h at 5%NaCl

Thermal shocks IEC 60068 Passed
300 cycles (−40 ◦C/70 ◦C)

Vibrations and shocks NF EN 61373 Passed
Catalyst 1 Class B

Crush FreedomCar, two axes Passed
Short circuit Rshort circuit <1 m�, 20 consecutive times Passed

Ishort circuit up to 17 kA
Nail test FreedomCar Passed

Standard reference or description result
Overcharge FreedomCar Passed

200 and 400 A, no voltage limit
Thermal stability FreedomCar Passed
Open fire Methanol fire, 45 min Passed
Combined leakage and spark ACN or H2 explosive concentrations Simulated

To ensure high security of such an assembly, high mechanical strength of the
enclosure is needed.

Power Systems has developed three different pouch-cell-based modules with
interesting performance for numerous applications [312]:

• 216 V/15 F High power and high energy type (2.3 Wh l−1, 2.9 Wh kg−1, RC =
1 s) based on a 54 V/60 F unit module. Application: container handling crane,
electric power facility, copy machine, construction machine, AGV (automatic
guided vehicle), stacker crane

• 216 V/5 F Ultrahigh power type based on 108 V/10 F unit module (1.2 Wh l−1,
1.5 Wh kg−1, RC = 0.2 s). Application: injection press, electric welder.

• 405 V/0.9 F Compact size and ultrahigh power type based on two 202 V/1.8 F
unit module (1 Wh l−1, 1 Wh kg−1, RC = 0.18 s). Application: general-purpose
machine tool, wwing-arm robot.

Other original modules have been developed by Meidensha (MeidenCap). These
flat modules [313], based on stacking technology (Figure 10.39), have low capac-
itance values, high voltage, and interesting energy density performances [314]
(Table 10.15). The main drawback is time constant (RC � 1 s). For the moment,
these modules are especially dedicated to the UPS market. In its construction, cells
are laminated into a unified body (in stacks, as in aqueous medium). A single cell
is composed of a pair of bipolar laminates, a pair of activated carbon electrodes
(dipped in electrolyte), and separators, and provided with terminals. Both sides of
the laminated stacks are sandwiched by end plates and tightened by bolts. The
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Bipolar laminate type
Aluminum lamination packageEnd plateFixing bolt

End terminal

Gasket

Activated carbon 
electrode
(dipped in electrolyte)

Separator

Bipolar laminate

Bipolar:
The front surface is positive 
and the back surface is negative.

−

+

Figure 10.39 Meidensha module structure.

Table 10.15 Performances of Meidensha modules at 25 ◦C.

Type 600S1-70C 600L1-70C 150S1-38C 150S2-32C

Number of
connected cells

70 70 38 32

External dimensions
(W × H × l)

266 × 43 × 316 mm 266 × 43 × 316 mm 158 × 27 × 176 mm 158 × 30 × 176 mm

Mass (kg) 5.7 5.7 1.1 1.3
Rated voltage (V) 160 160 85 72
Maximum voltage
during regeneration
(V)

175 175 95 80

Capacitance (F) 4.5 3.7 2.0 4.0
ESR (�) 0.58 0.45 2.0 1.9
Gravimetric energy
density (Wh kg−1)

2.8 2.3 1.8 2.2

Volumetric energy
density (Wh l−1)

4.4 3.6 2.7 3.5

Time constant (s) 2.6 1.7 4.0 7.6

overall assembly is hermetically sealed in an aluminum lamination package. In

these modules, it is not possible to provide a balancing system between cells.

10.4.3
Large Modules Working in Aqueous Electrolytes

No unit cells have been industrialized for the moment, owing to the poor perfor-

mance of the aqueous medium. However, modules have been industrialized by
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Figure 10.40 ESCap 90/300 Tavrima module (90 kJ/300 V) working in aqueous medium.

Tavrima Canada for a few years. The Tavrima design is based on large cylindrical
stack (Figure 10.40). Energy densities are 0.7 Wh kg−1 and 1.1 Wh l−1: these
values are quite low compared to modules working in organic medium. The main
advantage of these modules is the low ESR, providing a low time constant (0.6 s).

The main drawback of this technology is the temperature range of use: (−40 ◦C;
+55 ◦C). +55 ◦C is generally not high enough for the automotive market.

10.4.4
Other Modules Based on Asymmetric Technologies

As mentioned earlier in this chapter, the main drawback of the C/C supercapacitor
is the low energy density.

For these reasons, other technologies based on two different technologies for
each electrode have been developed.

We can distinguish the following types:

1) Activated carbon/MnO2 technology. Up to now, only cells were commercially
available. These supercapacitors work in aqueous medium. For more details,
refer to Chapter 8.

2) Lead/activated carbon working in aqueous medium. These cells and modules
have been developed by CSIRO and are commercialized by Furukawa Battery.

3) NiOOH/activated carbon working in aqueous medium. This technology was
developed in Russia for many years and is commercialized by ESMA and ELIT.
Energy densities are increased compared to the standard C/C supercapacitor.
However, cyclability is reduced and maximum temperature use is generally
50–55 ◦C. The time constant is increased (>3 s).

4) Graphite/activated carbon working in organic medium. Many Japanese man-
ufacturers have developed this technology in the past four years. The energy
density is strongly increased. The main drawback of this technology is the use
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of low temperature, limited to −10–0 ◦C. Demonstrated cyclability is 200 000
cycles at 25 ◦C and should be improved in the coming years. This technology
can be considered as an intermediate energy storage system between the C/C
supercapacitor and power Li-ion battery.

All these technology performances are summarized in Table 10.16 and compared
to standard C/C supercapacitors.

All these technologies have targeted to improve almost one supercapacitor draw-
back: environment (MnO2/C) and energy density (C/graphite, NiOOH/C, Pb/C).
However, power density and/or cyclability are degraded by these technologies.

10.5
Conclusions and Perspectives

It is important to differentiate small cells from large cells for targeted market
reasons. Small cells have been commercially available for many years and perfor-
mance improvements are small. Small cells have identified markets such as mobile
applications, toys, backup, and so on.

Large supercapacitor cells are now commercially available. Markets grow year
after year. The industrialization of supercapacitors is based on low-cost materials
(aluminum, natural activated carbon, paper separator, etc.) to be competitive and
for targeted market reasons. The cost of the supercapacitor may inhibit its use in
some applications. Current costs of around $0.010–0.015 F−1 need to be reduced
to less than $0.005 F−1 [315]. Users or potential users of supercapacitors have
also pointed out that, apart from cost, a barrier to introduction is the lack of
understanding of how to use them properly. Many improvements have been made
in the past 10 years: millions of cycles can be reached and high power density has
been proved. For some applications, for example, automotive, the energy density
as well as the power density is important. This is particularly the case where the
supercapacitor is in competition with a battery or is being considered for use in
conjunction with a battery.

In a conventional symmetric supercapacitor, there is some scope to increase
the energy density by increasing the operating voltage. Three main solutions have
been tried: by making a slight change to the capacity ratio of the two electrodes,
matching the ion size of the electrolyte to the carbon (complicate solution), or by
matching the pore size distribution of activated carbon to the ions of the electrolyte,
by electrolyte (solvent or ions) change.

Regarding electrolytes, ionic liquids are being considered, but the price targets
are very high in comparison with conventional electrolytes and low-temperature
conductivity is a main technical drawback. However, such electrolytes could find
applications in niche markets.

Where supercapacitors are in direct competition with batteries in a specific
application, the low specific energy (Wh kg−1) is a disadvantage. Here, hybrid
supercapacitors, which have a higher specific energy but degraded almost one
parameter, may be the answer.
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Lust, E. (2004) J. Power. Sources, 133,
320–328.

251. Jow, T.R., Xu, K., and Ding, S.P. (1999)
Work Performed Under Contract N◦

DE-AI07-96ID13451 by U.S. Army Re-
search Laboratory for US Department
of Energy, September 1999.

252. Ding, M.S., Xu, K., Zheng, J.P., and
Jow, T.R. (2004) J. Power. Sources, 138,
340–350.

253. Schwake, A. (2004) US20040218347 for
EPCOS.

254. Suna, G.-H., Li, K.-X., and Sun,
C.-G. (2006) J. Power. Sources, 162,
1444–1450.

255. Nanbu, N., Ebina, T., Uno, H.,
Ishizawa, S., and Sasaki, Y. (2006)
Electrochim. Acta, 52, 1763–1770.

256. Morita, M., Murayama, I., Fukutake,
T., Yoshimoto, N., Egashira, M., and
Ishikawa, M. (2006) 210th ECS Meet-
ing (Electrochemical Society Meeting),
Abstract #136.

257. Mastragostino, M. and Soavi, F. (2007)
J. Power. Sources, 174, 89–93.

258. Suarez, P.A.Z., Selbach, V.M., Dullius,
J.E.L., Einloft, S., Piatnicki, C.M.S.,
Azambuja, D.S., De Souza, R.F., and
Depont, J. (1997) Electrochim. Acta, 42,
2533–2535.

259. Balducci, A., Bardi, U., Caporali, S.,
Mastragostino, M., and Soavi, F. (2004)
Electrochem. Comm., 6, 566–570.

260. Frackowiak, E., Lota, G., and Pernak,
J. (2005) Appl. Phys. Lett., 86, 164104-
1–164104-3.

261. François, Y. (2006) Utilisation de
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11
Supercapacitor Module Sizing and Heat Management under
Electric, Thermal, and Aging Constraints
Hamid Gualous and Roland Gallay

11.1
Introduction

The module sizing methodology presented is valid for all electrochemical energy
storage systems. The sizing parameters will be, of course, different from one energy
storage type to the other, as they will be different from one manufacturer to the other.

Electrochemical energy storage may be classified into different categories: bat-
teries, hybrids, and supercapacitors. All of them exhibit redox and double-layer
capacitance. Batteries are composed of two redox electrodes with a very small
double-layer contribution. Supercapacitors have only ‘‘parasitic’’ redox reactions.
Hybrids are built with one supercapacitor electrode and one battery electrode that
can either be set up at the cathode or at the anode. In each different category there
are different technologies. In the case of supercapacitors, one may identify, for
example, aqueous, acetonitrile (AN), and propylene carbonate (PC) electrolyte.

The first step in the sizing of an energy storage system is to choose the
technology. For high-power, high-cycling, or/and maintenance-free applications,
supercapacitors are the favorite. For high-energy applications, batteries are
preferred. Hybrids have performances that are in between, accumulating both
advantages and disadvantages.

The supercapacitor capacitance increases slightly with the temperature and
in a more important proportion with the applied voltage. It decreases in the
course of time when a solicitation, which may be either a continuous voltage
or charge/discharge cycles, is applied. The series resistance decreases with the
temperature and increases with the aging time. The capacitance and the series
resistance will also decrease as a function of the charge/discharge current, in other
words, as a function of the frequency or cycling speed.

The sizing of supercapacitor modules must be calculated for the worst specified
conditions, which are, in principle, found at the end of life, at low temperature,
and at low voltage. The minimum voltage is imposed by the technology in the
case of batteries and hybrids. Operating these components below the specified
voltage value will destroy them. In the case of supercapacitors, the polarization
could even be reversed (nevertheless it is better to avoid this reversal for optimum

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.



374 11 Supercapacitor Module Sizing and Heat Management

performances), but for practical reasons in power electronics, the component is
operated between the nominal voltage and half of this value. The definition of the
end of life of a supercapacitor differs from one manufacturer to the other. The limit
is generally set to 80% of the nominal capacitance, the initial value being generally
10% above the nominal one. The loss of capacitance is a problem because both the
available power and the energy content are proportional to the capacitance.

One of the main problems occurring during the sizing of an energy storage sys-
tem is the heating of the module, which is induced by the power losses generated
in the internal (series) resistance by the current. The heating is proportional to the
square of the effective current and inversely proportional to the module volume. In
power applications, the modules are generally sized to respect a maximum heating
of 10–20 ◦C. On the market, different types of supercapacitors designed specifically
for high-power applications are available. They are built with thinner electrodes, use
low-viscous electrolytes, and are small or broad. Generally, the integration of a cool-
ing system is necessary to manage big currents. In most of the cases, this is achieved
by an air circulation obtained with fans. As thermal conductivity is of the same
physical nature as electronic conductivity, it is important to cool the conductors.

At that point it is important to understand the type of power used. On one hand,
there is the power received or delivered by the load, depending on whether it is
acting as a generator or a motor. On the other hand, there is the total power at
which the storage component is charging or discharging. For a given application,
the important values are the available energy and power in the load. The remaining
power, the difference between the total power and the load power, will dissipate the
remaining energy, the difference between the total stored energy and the available
energy, in the internal resistor of the storage component.

The critical parameter for the sizing of a storage device is the power density. The
Ragone plot is a diagram that shows the amount of available energy for the load as
a function of the power in the load. Finally, it is a plot of the efficiency, defined as the
ratio between the available energy in the load and the total energy stored in the com-
ponent. At low power the efficiency is optimum. At high power, there is a limit when
the load resistance is as small as the internal resistance, where half of the energy is
dissipated in the component itself. When the load resistance is smaller than the in-
ternal resistance, as is the case for a short, the current is limited by the internal resis-
tance and all the power and the energy are spent in the latter, heating the component.

11.2
Electrical Characterization

11.2.1
C and ESR Measurement

11.2.1.1 Capacitance and Series Resistance Characterization in the Time Domain
There are different methods available for determining the capacitance and the
series resistance in the time domain. The supercapacitor charging and discharging
may be performed either with the condition of:
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1) a constant current
2) a constant power or
3) a constant load.

The values obtained depend strongly on the measurement conditions. The
temperature increases the capacitance and reduces the series resistance. The
capacitance and the series resistance drop very fast with the charge/discharge
speed, in other words, with the frequency. Higher values of capacitance are found
at higher voltage. The capacitance drops and the series resistance increases with
the solicitation time, especially at the beginning of the supercapacitor operation.
The supercapacitor recovers a part of its capacitance when it is left at rest. The
interpretation of the measurement results is also problematic. For example, self-
discharge is often considered as the consequence of poor electrode insulation, but
could be effectively due to electrode areas that have not been fully charged during
the experimental measurement. It is therefore capital to define the polarization
time and the measurement sequence.

11.2.1.2 Capacitance and Series Resistance Characterization
in the Frequency Domain
Impedance spectroscopy has been extensively used to characterize carbon, elec-
trode, and capacitor properties [1–3]. From the frequency impedance spectrum
shape it is possible to understand the physical origins of the observed characteristics,
especially the different factors contributing to the series resistance.

The capacitance behavior is strongly dependent on the contributing surface
position in the electrode [4]. If the considered surface lies deep into carbon
micropores, the access time for the ions to this area will be longer and more
‘‘resistive’’ than for external carbon surfaces. In other words, the deep internal areas
are relatively inaccessible for short electric impulses or high-frequency currents.
These deep surfaces contribute to the capacitance with a high RC time constant.
As a result, the capacitance amplitude drops with increasing signal frequency.

The double-layer capacitor series resistance drops also with increasing frequency.
At high frequency, the deep carbon surfaces are no more accessible because the ions
moving in the electrolyte do not have the time to reach them. As a consequence,
the ions will neither contribute to the current transport nor to the ohmic losses.
The ‘‘de Levie’’ transmission-line model [5] is an equivalent electrical model for the
double-layer capacitor, which gives a simple explanation for the observed frequency
behavior. The parallel string at the end of the transmission line, corresponding
to the deep carbon micropore surfaces, has a high resistance that limits the
current intensity through these paths. Finally, as a rule of thumb, by comparing
the datasheet values published by the double-layer capacitor manufacturers, it is
possible to state that the DC series resistance is approximately equal to twice the
high-frequency series resistance.
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11.2.2
Supercapacitor Properties, Performances, and Characterization

From an electrical point of view, the double-layer capacitor is a complex system
built with materials developed for both the battery domain (carbon, separator,
current collector, can, lid, etc.) and the electrolytic capacitor domain (current
collector, can, lid, electrolyte, etc.). It, nevertheless, has capacitor-like properties.
Besides its mechanical function, the aluminum collector contributes only to the
electronic conduction improvement of the system. The separator provides two
functions: the electrolyte ionic conduction and the electronic insulation between
the two electrodes. In the carbon electrodes, both the electronic conduction inside
the carbon particle and the ionic conduction in the electrolyte around the carbon
particles contribute to the electrical charge transport [6].

The characterization of double-layer capacitors is sensitive to the measurement
method used. The standards organization, IEC (International Electrochemical
Commission) has issued the IEC62391 series of directives [7–9] to settle a base
for supercapacitor testing conditions. Supercapacitor conditioning before the mea-
surement is an important parameter that may lead to great divergences in results.
Double-layer capacitors need hours to reach an equilibrium state because some
areas are very distant or are difficult to access for the ions. For example, after a
long polarization time, the measured capacitance and equivalent series resistance
(ESR) values will be different from those found in the absence of a previous
polarization. Moreover, this measurement effect will be mixed with the capacitance
fading caused by aging. Consequently, it is important to always precisely define the
experimental conditions of the measurements.

11.2.2.1 Capacitance and ESR as a Function of the Voltage
In some double-layer capacitors, especially in the case of organic electrolyte
and ‘‘natural’’ carbon, the capacitance increases with the applied voltage. In the
literature, the causes of this behavior are explained with different theories:

• Reduction of the solvent layer thickness caused by the increasing coulombic
forces on the ions when the electric field in the double layer is increasing.

• Increase of the solvent dielectric constant caused by the compression of the
solvent layer, if the concept of dielectric constant has still a meaning with
such thin layers. The ‘‘microscopic’’ Maxwell equations’ formalism would be
more appropriate. (‘‘Macroscopic’’ Maxwell equations are applied to macroscopic
averages of the fields, which vary wildly on a microscopic scale close to individual
atoms. It is only in this averaged sense that one can define quantities such as
the permittivity and permeability of a material, as well as the polarization and
induction field).

• Increase in the electronic state density in the carbon pore walls with the voltage.
Hahn et al. [10] measured double-layer capacitance and electronic conductance
of an activated carbon electrode in an aprotic electrolyte solution, 1 mol dm−3

(C2H5)4NBF4 in AN. Both quantities show a similar dependency on the elec-
trode potential with distinct minima near the potential of zero charge (PZC).
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This correlation suggests that capacitance, similar to conductance, is governed
substantially by the electronic properties of the solid, rather than by the ionic
properties of the solution in the interface of the double layer.

• Salitra et al. [11] attributed this finding to the potential dependency of the ion
penetration in nanopores, which was assumed to be minimal at the PZC.

Figures 11.1 and 11.2 show the frequency spectra of a 2600 F, 0.5 m� BCAP0010
supercapacitor capacitance and series resistance for three different polarization
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voltages. It is interesting to observe the lower capacitance value when there is
no voltage polarization. This phenomenon should be studied as a function of
the electrode thickness. If ionic depletion was the cause, a thick electrode should
display a more pronounced effect.

The important ESR increase at low frequency is due to the charge redistribution
within each electrode, which looks similar to the reduction of parallel resistance. In
the case of self-discharge, the effect should be two times more important at 2.5 V
than at 1.25 V, and should not be present with a bias of 0 V.

11.2.2.2 Capacitance and ESR as a Function of the Temperature
In the high-frequency range (f > 10 Hz), the series resistance variation with
temperature can be neglected. In the low-frequency range, the ESR increases when
the temperature decreases [12, 13]. This is caused by the electrolyte ionic resistance
RT, which is strongly influenced by the temperature. Above 0 ◦C, RT varies slowly
with the temperature. Below 0 ◦C, the temperature dependency is more important,
especially for the series resistance. It is caused by the rapid increase in electrolyte
viscosity in the low-temperature range [14].

In the case of 1 mol dm−3 (C2H5)4NBF4 in AN, a relationship between RT and
the temperature has been established from experimental results. It is given by the
expression (11.1):

RT = R20
{1 + exp [−kT(T − T20)]}

2
(11.1)

where R20 is the resistance at 20 ◦C, T the surrounding temperature and kT the
temperature coefficient kT = 0.025 ◦C−1. At ultralow frequencies (f < 0.1 Hz), the
capacitance is almost constant according to the temperature. It means that the ions
penetrate deep into the electrode pores regardless of the temperature because they
always have the time to reach the total surface. The capacitance is influenced by
temperature mainly in the intermediate frequency range between 0.1 and 10 Hz.
This corresponds to the actual domain of the supercapacitor working conditions.
In that precise case, the ions do not have the time to reach and spread over the
entire electrode surface.

Increasing the temperature will have the main effect of reducing the electrolyte
viscosity and improving the accessibility of the surface for the ions. Thanks to their
higher mobility in the warm solvent, the ions are able to reach the deeper carbon
area in a shorter time. The increased accessible surface area results in a reduced
double-layer capacitor series resistance and in an increased capacitance with the
temperature. Figures 11.3 and 11.4 show the measured and simulated frequency
spectra of the BCAP0010 double-layer capacitor capacitance and series resistance
for different temperatures.

11.2.2.3 Self-Discharge and Leakage Current
Self-discharge is an important parameter for applications in which the supercapac-
itors are not connected to an electric network and therefore need to maintain their
state of charge. In those applications, the device is supposed to be able to deliver
power with a performance that does not deteriorate as a result of the rest time.
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Figure 11.3 BCAP2600 capacitance for different temperatures measured with a polarization
of 2.5 Vdc.
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Figure 11.4 BCAP2600 ESR for different temperatures measured with a polarization of
2.5 Vdc.

A typical example is the starting of a car engine after a week spent at rest in an
airport parking lot. In this case, it is necessary that the storage device maintains
its voltage as high as possible because the available power and the stored energy
decline with the square of this voltage.
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The voltage drop of a charged capacitor in floating mode as a function of time
may be caused by different discharging mechanisms, among which are leakage
current and charge redistribution.

The charge redistribution corresponds to the displacement of charges from an
easily accessible area of the electrode with a short access time, to a more difficult
one, with a longer access time. The charge redistribution, in contrast to the
self-discharge, may lead to a voltage increase measured at the capacitor terminal.
After a fast capacitor discharge, the voltage may increase because of the arrival
of charges previously stored in ‘‘slow’’ areas. The leakage current may be due to
unwanted oxidation-reduction reactions, ionic charge diffusion or/and electronic
partial discharge through the separator. The self-discharge rate is determined,
either by measuring the current necessary to keep a constant voltage (in the
microamperes range), or by recording the floating capacitor voltage as a function
of time.

The self-discharge diagnostic can be performed according to the voltage time
dependency. If the voltage drops with an unwanted logarithmic law, U(t) versus
log t (Figure 11.5), the mechanisms are controlled by faradic self-discharge from
overcharge or from the oxidation-reduction reactions of the impurities. If the voltage
drops following a square root function of the time, U(t) versus t 1/2 (Figure 11.6),
the mechanisms are controlled by diffusion processes.

These self-discharge behaviors have been demonstrated with different capacitor
samples. BCAP0007 and BCAP0008 are Maxwell commercial products. They
show only a diffusion-driven self-discharge mechanism. BCAPproto, which is a
prototype with high impurity content, undergoes oxidation-reduction reactions.
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Figure 11.5 Supercapacitor self-discharges with different level of impurity concentrations in
a logarithmic time scale.
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Figure 11.6 Supercapacitor self-discharges with different level of impurity concentrations in
a square root time scale.

The two different plots show the respective linear drop in their respective time
representation.

The double-layer capacitor’s self-discharge performance is the result of a com-
promise with its power capability. The manufacturers could use a thicker separator
to improve the voltage retention but this operation would increase in the same time
as the series ionic resistance.

11.2.3
‘‘Ragone Plot’’ Theory

The Ragone plot concept is based on the fact that the electrical current charging
or discharging an electrical storage system has to flow through both its proper
internal resistance and the load or generator resistance. The two resistances are
connected in series as illustrated in Figure 11.7.

The resistance Rs is an equivalent resistance that is the result of a complex
combination of series and parallel contributions owing to the geometric structure
of the capacitor. The electrodes are very wide and the elementary areas do not all

Rs RLoad

Uc

UL

Figure 11.7 Supercapacitor electrical equivalent circuit.
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contribute to the resistance in the same way. The length of the current paths is not
the same for all parallel areas. Therefore, a parallel construction must be taken into
account. For each of these surface areas, the electrical current flows first through
the ohmic resistances of the electrode, the collector, and the connections and next
through the ionic resistance of the electrolyte between the two capacitances. All
these contributions are connected in series.

Uc is a theoretical value of the internal voltage on the capacitance, which is
inaccessible for measurement. This value may be different as a function of the
position on the surface electrode. UL is the voltage at the physical terminals of the
storage device. This simple model has the same validity for batteries, capacitors,
and supercapacitors; only the amplitude of the internal resistance differs from one
component type to the other. Batteries have a resistance that is about 10 times
bigger than that of supercapacitors, which is again 10 times bigger than that of
capacitors.

The series resistance is, in most power applications, the origin of sizing limita-
tions of the storage device. On one hand, the heat generated by the ohmic losses
increases the component temperature to unacceptable values; on the other hand,
the voltage drop at the component terminals becomes too important.

The following development is elaborated with the intention of determining the
efficiency of capacitive storage components. The first step is a calculation of the
energies involved in the system. These values will then be expressed as a function
of the maximum stored energy and the maximum available power and will be
plotted in a Ragone plot.

With the assumptions that Uc is uniform on the electrode surface, that C and
Rs are independent of the current, in other words, independent of the frequency,
which is true only at very low frequency (f � 1/τ 0 ), the following basic relations
UL = RL i and UL = uc − Rs i may be combined to give

Uc = UL

(
1 + Rs

RL

)
(11.2)

We need to distinguish different energy terms. In the case of a discharge, Wmax is
the maximum energy stored in the electrical storage component.

Wmax = 1

2
CU2

c max (11.3)

WL is the energy available for the supply of the electrical load that has a resistance
RL

WL = RL

∫
i2dt (11.4)

Ws is the energy that is transformed in heat by the dissipation in the series
resistance of the storage component.

Ws = Rs

∫
i2dt (11.5)
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It may be observed that both WL and Ws depend on the current intensity, but that
their sum does not.

Wmax = WL + Ws = (
RL + Rs

) ∫
i2dt (11.6)

WL = RL

RL + Rs
Wmax (11.7)

With the definition of a factor α,

α = RL + Rs

Rs
, α > 1 (11.8)

the former relation may be written as

WL = α − 1

α
Wmax (11.9)

• α → 1: RL → 0, maximum current, power remains in the capacitor
• α = 2: match impedance
• α � 2: low current, low power

11.2.3.1 Match Impedance
In the particular case of impedance matching when Rs = RL, the power available
for the application Pm and the power dissipated in the internal resistance Ps are
equal.

Pm = Ps = PL = UL i = UL
UL

RL
= U2

L

Rs
(11.10)

The voltage on the ‘‘pure’’ capacitance, or at the capacitor terminal when the
current is very low, is double that of the voltage at the capacitor terminal at match
impedance.

Uc = UL

2
(11.11)

The power available at match impedance is therefore equal to

Pm = U2
E

4Rs
(11.12)

Pm is equal to a quarter of the maximum short power dissipated in the component
when RL = 0. Capacitor manufacturers often confuse between maximum and short
power, and overestimate the power capability of their components.

At match impedance, the available energy is equal to half the maximum stored
energy:

Wm = Wmax

2
(11.13)

Finally, it is possible to find a relation between the maximum available power and
the maximum stored energy.

Pm = U2
c

4Rs
= Wmax

2REC
= Wmax

2τ0
(11.14)
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T0 = Rs C is the technology time constant or the time necessary to discharge the
capacitor by a voltage factor ‘‘e’’ in a short. This time has a direct relation with
the ‘‘cutoff frequency’’ observed on the capacitance curves as a function of the
frequency (Figure 11.3).

11.2.3.2 Power Available for the Load, Ragone Equation
In the general case, in particular for the actual operation conditions,

PL = U2
L

RL
= U2

c

RL

(
RL

RL + Rs

)2

= U2
c

RL(
RL + Rs

)2 = U2
c

4Rs

4RsRL(
RL + Rs

)2

= 4Pm
α − 1

α2
(11.15)

With the introduction of the efficiency β defined as the ratio between the energy
available for the load and the maximum stored energy in the component

β = WL

Wmax
= α − 1

α2
(11.16)

The power available in the load is now given as a function of the maximum power
available at match impedance Pm by

PL

Pm
= 4β (1 − β) (11.17)

At match impedance, the efficiency β is equal to 0.5.
The resolution of this second-degree equation brings two solutions. The first

‘‘positive’’ one corresponds to the case where the load resistance is bigger than the
internal resistance (Figure 11.8). This is the power regime in which the component
is operated. WL may be plotted as a function of the power available in the load PL

with the following relation:

WL = Wmax

2

(
1 ±

√
1 − PL

Pm

)
(11.18)

with

Pm = Wmax

2τ0
(11.19)

and

τ0 = RsC (11.20)

The stored energy can be transferred to the load with good efficiency only with
small currents. In that condition, the Joule dissipation in the internal resistance of
the component Ws is minimized.

At match impedance, exactly half of the energy is dissipated in the internal
resistance.

The following charts are based on a typical carbon and organic electrolyte
supercapacitor technology (300 F, 2 m� at 1 Hz). The typical time constant
is τ 0 = 0.6 s.
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Figure 11.8 Ragone plot for Rs < RL. At match impedance, the available energy is equal to
half the maximum stored energy.
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Figure 11.9 Ragone plot for Rs < RL (blue curve) and Rs > RL (yellow curve).

The second solution is available in the case of a load resistance smaller than the
internal resistance (Figure 11.9). The relation giving the available energy WL as a
function of the power available in the load PL differs from the former only by a
minus sign before the square root. In this case, almost all the energy is burnt in the
internal resistance of the storage component, with the consequence of fast heating.
The extreme case is an electrical short of the component terminals.

Sizing a storage system requires some information: the available energy, the
available power but also the power dissipated in the internal resistance of the
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Figure 11.10 Plot of the load available power and the series resistance dissipated power
as a function of the sum of the load available power and the series resistance dissipated
power.
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Figure 11.11 Ragone plot representing the load available energy and the series resistance
dissipated energy as a function of the sum of the load available power and the series resis-
tance dissipated power.

component. Both powers are related by the efficiency factor. The following chart
represents these powers and the total power (Figure 11.10).

It is interesting to observe that the available power for the load reaches a
maximum Pm at match impedance. It is therefore of no use to operate above this
value (in the example, Ptotal = 32 kW kg−1 and Pm = 16 kW kg−1).

A classical chart is the log–log representation of the available energy as a function
of the total power (Figures 11.11 and 11.12). This chart has the disadvantage of not
informing about the actual available power.
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Figure 11.12 Ragone plot representing the load available energy and the series resistance
dissipated energy as a function of the load available power.

The dotted lines represent the conditions where the storage system has the
same time constant (energy/power). The intersection of the two energy curves
corresponds to the match impedance. At that point, the time constant τ = 2τ 0 (in
the example τ 0 = 0.6 s). The dissipated energy curve shows that at << low >>

power, the efficiency is reversely proportional to the power.
In the second step, we have to consider that some part of the electrode area does

not have the same accessibility as others. The current path may be longer in the
electrolyte for different reasons. An important case may be that some part of one
electrode is not well aligned with the counter electrode. A more general one is
simply that the ion path is longer in reaching the part of the electrode area in the
volume that is close to the collector surface.

This aspect may be simplified taking into account the frequency dependency of
the series resistance and of the capacitance. Both are dropping with the frequency
because the farther areas of the electrode are no more accessible. Only the small
time constant areas are accessible, leading to an apparent smaller time constant.
Consequently, it is to be expected that the Ragone plot also drops a bit faster with
the power because the voltage decay is faster during a discharge at high power.

11.2.4
Energetic Performance and Discharging at Constant Current

The constant current charge/discharge (Figure 11.13) is the most widely used
in laboratories because it is the easiest and the cheapest. Some derivates of this
method are used in production to control the quality of the supercapacitors. The
measurement sequence starts at time t0 by switching on a given current that is kept
constant during the charge. The instantaneous voltage step observed, between U0

and U1, is caused by the ohmic current flow in the capacitor series resistance. The
current is switched off at time t2 when the capacitor has reached the nominal voltage
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Figure 11.13 Voltage cycling sequence with a constant current.

Un. The voltage drops instantaneously from Un to U3 because of the disappearance
of the current. When the capacitor is left floating between time t3 and t4, the voltage
drops from U3 to U4 due to self-discharge and charge redistribution. The constant
discharging current is switched on at time t4 and switched off at time t7 when the
voltage has reached half the nominal value Un/2 or even lower values to respect
particular specifications. The value of the current intensity is defined in the IEC
62391 standards and depends on the type of double-layer capacitor (power, backup,
etc.).

In the case of a capacitance that does not vary with the voltage, the mean
capacitance Cn is determined from the time necessary to discharge the capacitor
between two voltage limits with a constant current I with the relation (Eq. (11.21)).

C = I
� t

�U
(11.21)

The IEC 62391 standard, which has been written to be adapted to high series
resistance double-layer capacitor measurement, defines that the mean value should
be calculated between 80 and 40% of the nominal voltage value.

In a more realistic model, the capacitance depends on the voltage. The capacitance
is composed of a constant part, C0, and a linear-voltage-dependent one, Cv = KUc,
where K is a coefficient that depends on the technology. The total capacitance at
the voltage Uc is given by C = C0 + Cv.

That the relation between the current and the voltage must be derived from
the relation between the current and the charge is always true. Substituting the
expression for Q as a function of Uc and C and considering the indirect dependency
of C with the time, it is easy to show that the current is given by Eq. (11.22).

i(t) = dQ

dt
= d

(
CUc

)
dt

= (
C0 + 2KUc

) dUc

dt
(11.22)
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Consequently, the time required for charging or discharging the supercapacitor
with a constant current I0 will be given by the following relation (Eq. (11.23)):

t2 − t1 =
[

C0Uc + K × U2
c

I0

]2

1

(11.23)

The series resistance is calculated from the voltage drop that occurs at the nominal
voltage between t2 and t4 during the current interruption (Eq. (11.24)). The first part
of the drop between t2 and t3 is really caused by the series resistance. The second
part between t3 and t4 is driven by charge recombination and self-discharge. If t4

was equal to t3, the drop would reflect exactly the value of the series resistance.

Rs = �U23

I
(11.24)

Of course, this value is difficult to obtain experimentally because of the band path
width limitation of the measurement apparatus. The IEC 62391 standard defines
the method to use to measure the series resistance. The self-discharge due either
to the leakage current or to the charge redistribution adds a contribution to the
voltage drop corresponding to Rp, the parallel resistance in the model.

In production, the method is adapted to the available time contingency. It is
usual to charge the cell to a lower voltage to save time and electrical energy, and to
calibrate the result with a coefficient factor resulting from a measured U(t) curve
for a given current.

11.2.5
Energetic Performance and Discharging at Constant Power

The charge and discharge at constant power PL represent conditions closer to most
parts of the applications. Special care must be brought to low-voltage conditions
where the current is very large. In this situation, the Joule losses are proportionally
bigger, which results in a much smaller efficiency.

To interpret the results, it is necessary to solve a more difficult differential
equation for the voltage on the capacitor part Uc(t) (the voltage at the supercapacitor
terminal U = UL is equal to Uc(t) + Rs i(t)).

The capacitance of a supercapacitor increases with the voltage. If the capacitance
is defined as C = C0 + KUc, the relation between the current and the voltage
variation during a discharge is given by

i = − (
C0 + 2KUc

)
U

′
c (t) (11.25)

The voltage as a function of time at constant power delivery −PL is given by the
literal resolution of the following differential equation

Rs

(
C0 + 2KUc

)
U

′
c(t)

2 + Uc U
′
c (t) − PL

C0 + 2KUc
= 0 (11.26)
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The solution is obtained after a (Uc,t) variable separation and an integration and is
given by

t2 − t1 = C0

4PL

{[
Uc

(
Uc +

√
U2

c + 4RsPL

)
+ 4RsPL ln

(
Uc +

√
U2

c + 4RsPL

)]

+ K

3PL

[
U3

c + (
U2

c + 4RsPL

) 3
2

]}2

1

(11.27)

For a typical supercapacitor specified 1 kg, C = 6000 F and Rs = 0.1 m�, the
charging and discharging voltage curves at constant power PL = 2000 W are shown
in Figure 11.14. An acceleration of the discharge occurs when the voltage drops.
The phenomenon is amplified by the capacitance drop.

On the Ragone plot, the discharge at constant power will be represented by
a vertical line, starting on the Ragone curve corresponding to the initial voltage
(nominal voltage is typically equal to 2.7 V) and ending on the Ragone curve for
half the initial voltage.

To get a constant power during the discharge between Un and Un/2, the
maximum power must be at least four times smaller than Pm. In the example
shown in Figure 11.15, the maximum power could be only 1800 W kg−1.
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Figure 11.14 Two kilowatt constant power charge and discharge of a supercapacitor
specified 1 kg, 6000 F, and 0.1 m�, with and without linear voltage dependency of the
capacitance.
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Figure 11.15 Linear drop in the maximum power Pm as a function of the voltage drop.
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Figure 11.16 BCAP1500_P 200 W constant power discharge for different temperatures.

For a given available power, the losses increase when the voltage falls because the
current increases to compensate the smaller voltage value to maintain the power.
The efficiency decreases with the voltage during the discharge.

To get a constant current discharge between the two same voltage limits, it is nec-
essary to limit the initial power to twice the final one: in this example 3600 W kg−1.

A verification of the theory has been performed on BCAP1500_P and BCAP2600
supercapacitors, which have, respectively, a capacitance of 1500 and 2600 F
(Figures 11.16 and 11.17). The BCAP1500_P is a power version with a thin-
ner electrode in order to reduce the series resistance. These supercapacitors have
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Figure 11.17 BCAP2600 200 W constant power discharge for different temperatures.

been manufactured by Maxwell Technologies. Thanks to the low solvent viscosity of
the electrolyte, in this case AN, it is still possible to get some power at temperature
as low as −40 ◦C.

At the end of the discharge, the voltage drop is faster. This is due to the
supercapacitor’s smaller energy content at low voltage. The initial voltage step is
due to the voltage drop in the series resistance when the current is turned on.
The step is very important in the smaller supercapacitor at −40 ◦C. This may be
due either to internal problems as a result of the construction or the experimental
setup. In any case, it is essential that the total series resistance remains as low as
possible to get a good function of the supercapacitor.

The capacitance and the series resistance parameters have been determined
with the relation developed theoretically (Eq. (11.27)) by fitting the experimental
curves obtained when measuring the voltage evolution during a discharge at 200
W constant power (Table 11.1).

Table 11.1 BCAP1500 and BCAP2600 supercapacitor parameters used to fit the experimental
200 W discharge curves at different temperatures.

−40 ◦C −20 ◦C 0 ◦C +20 ◦C +40 ◦C +60 ◦C

2600 F Co (F) 1010 1250 1430 1530 1530 1530
K (F V−1) 280 280 275 275 275 275
Co (F) 2144 2384 2544 2644 2644 2644
Rs (m�) 2 1 0.6 0.5 0.3 0.3

1500 F Co (F) 500 650 750 820 850 850
K (F V−1) 145 145 145 145 145 145
C (F) 1087 1237 1337 1407 1437 1437
Rs (m�) 8 2 1.4 0.6 0.5 0.5
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Figure 11.19 BCAP2600 Ragone plot for different temperatures.

The experimental measurements have been performed on both supercapacitors
with the same 200 W constant power (Figures 11.18 and 11.19). In the 280 g
BCAP1500_P, the power density of the discharge is higher than in the 500 g
BCAP2600: 714 W kg−1 against 400 W kg−1. At low temperatures, the match
impedance is overcome in the small 1500 F supercapacitor. The Ragone plot curves
have been obtained with Eq. (11.18), which depends only on Rs and C, parameters
that are supposed to have been measured with low current, which is far from the
truth, especially in the case of the 1500 F supercapacitor.
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11.2.6
Energetic Performance and Discharging at Constant Load

The discharge in a constant load resistance is a method that does not require
sophisticated material to perform the measurement. Recording the voltage on the
terminals of the load gives direct information on the amplitude of the current and
of the voltage on the capacitance.

11.2.7
Efficiency

The efficiency is calculated with the capacitance and series resistance parameters
that are deduced from the discharge curve. The curves are interrupted when the
voltage at the supercapacitor terminals reaches 1 V. The correlation of the time to
discharge to 1 V with the experimental curves is good (Figures 11.20 and 11.21).

From the BCAP1500-P plot, it is obvious that this supercapacitor has a series
resistance at −40 ◦C, which is bigger than the load resistance. It is also straightfor-
ward that as the voltage drops during the discharge the efficiency drops too. This is
of course due to the increase in the current, which compensates the voltage drop in
order to maintain a constant power in the load. The consequence is that the power
remains constant when the losses increase with the square of the current.

By integration of the losses over the discharge time, it is possible to obtain the
resulting efficiency over a period t of the component. The total work in the load
is equal to the product of the power by the time. The following plots represent
the resulting efficiency at time t of the BCAP2600 for different temperatures
(Figures 11.22 and 11.23).
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Figure 11.20 BCAP1500_P instantaneous efficiency as a function of time t for different
temperatures.



11.3 Thermal Modeling 395

Time (s)

0 5 10 15 20 25 30 35 40 45 50
0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

–40 °C –20 °C 0 °C 20 °C 60 °C

E
ffi

ci
en

cy
 (

1)
Efficiency at 200 W 2600 F

Figure 11.21 BCAP2600 instantaneous efficiency as a function of time t for different
temperatures.
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Figure 11.22 BCAP1500_P resulting efficiency over an integration period t for different
temperatures.

11.3
Thermal Modeling

Heat production in supercapacitors is related exclusively to Joule losses. The su-
percapacitors support currents up to 400 A or more depending on cell capacitance
and the technology used. The repetitive charge and discharge cycles of the superca-
pacitor cause a significant warming even though the ESR value is less than 0.4 m�
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Figure 11.23 BCAP2600 resulting efficiency over an integration period t for different
temperatures.

for a 2600 F. Several authors showed that the supercapacitor ESR varies according
to the temperature [4]. In Ref. [16] the authors have studied the effect of the
temperature and the voltage on the supercapacitor’s aging. They have established a
model that allows analyzing self-accelerating degradation effects caused by elevated
voltages and temperatures. In Ref. [17], the authors have studied and modeled the
temperature effect on the supercapacitor self-discharge.

This rise in temperature can have the following consequences:

• The deterioration of the supercapacitor characteristics, especially ESR, self-
discharge, and lifetime, which affects its reliability and its electrical performance.

• The pressure inside the supercapacitor is increased.
• A premature aging of metal contacts; in fact, the repetitive heating and sig-

nificant temperatures can deteriorate rapidly the terminal connections of the
supercapacitor.

• The evaporation of the electrolyte and hence the destruction of the supercapacitor
if the temperature exceeds 81.6 ◦C, the boiling point of the electrolyte.

Therefore, it is important to know and to understand the heat behavior of
supercapacitor cells and modules. This leads to an estimation of the space–time
evolution of the temperature.

This paragraph deals with the thermal modeling of supercapacitors and heat
management in supercapacitor modules. The originality of this work is based
on the integration of thermocouples located inside the supercapacitor during its
manufacturing. Cooling systems were also studied for supercapacitor modules
subjected to a driving cycle.
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11.3.1
Thermal Modeling of Supercapacitors

From a physical point of view, the transfer of heat finds its origin in the variations
in temperature. Thus, a transfer of energy in the form of heat is obtained each
time a variation in temperature exists within a system or when two systems, at
different temperatures, are put in contact. In solids, the thermal energy may be
transported by two mechanisms: lattice vibration and free electrons. In general,
for the electrical conductors, a large number of free electrons move and transport
electric charges; therefore, they also carry thermal energy from a high-temperature
region to a low-temperature region. The thermal diffusion is related to the internal
geometry of the capacitor and the operating conditions.

The temperature at any point of the supercapacitor depends on the three modes
of heat transfer: conduction, convection, and radiation.

11.3.2
Conduction Heat Transfer

Conduction heat transfer is defined as the energy transferred inside the solid from
one high-temperature zone to another zone where the temperature is lower. This
chapter investigates the transient temperature T distribution inside and at the
surface of the supercapacitor using the heat conduction equation [18]:

∇2T + P

λ
= ρCp

λ

∂T

∂t
(11.28)

where ∇ 2 is the Laplace operator, r the density of the supercapacitor, l the
thermal conductivity of the supercapacitor, Cp the heat specific capacity, and P
the local volumetric density. In this work, the heat inside the supercapacitor is
assumed to be axis-symmetrical and the heat conduction equation is used in two
coordinate directions, that is, in the radial and the axial directions. The physical
model considers a cylinder of length L and diameter D. The cylinder has an
equivalent thermal conductivity λz along the axial and λr along the radial direction
(Figure 11.24). The physical model is given by Eq. (11.29):

ρCp
∂T (r, z, t)

∂t
= λr

∂2 T (r, z, t)

∂r2
+ λr

r

∂T (r, z, t)

∂r
+ λz

∂2T (r, z, t)

∂z2
+ P

(11.29)

where ri < r < ro, 0 ≤ z ≤ L, 0 < t ≤ tf, r is the radial coordinate, z the axial coordinate,
and ri and ro are the internal and the external radius of the supercapacitor,
respectively.

The conductivities λr and λz are determined using an element of the superca-
pacitor containing three layers: the activated carbon layer, the separator layer, and
the aluminum layer as shown in Figure 11.25. Electrodes + and − are formed
by an aluminum thin film that is placed between two activated carbon layers
(Figure 11.25a).
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Figure 11.25 Simplified supercapacitor thermal model construction: (a) electrode structure
and (b) cross section of supercapacitor first layer.
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The thermal resistance of each layer is assumed to be equivalent to the thermal
resistance of a long cylinder of inside radius ri, outside radius ro, and length L. For
each layer, the length is very large compared to the radius. The thermal resistance
can be written as

Rth = ln
(
ro/ri

)
2πλL

(11.30)

The thermal resistance concept may be used for multiple cylindrical layers. For four
layers (Figure 11.5), the equivalent thermal resistance along the radial direction
can be written as follows:

Rth = 1

2πλcL
ln

(
ri + ec

ri

)
+ 1

2πλsL
ln

(
ri + 2ec + ea + es

ri + 2ec + ea

)

+ l

2πλcL
ln

(
ri + 2ec + ea

ri + ec + ea

)
+ 1

2πλaL
ln

(
ri + ec + ea

ri + ec

)
(11.31)

where ec is the activated carbon thickness, ea is the aluminum thickness, and
es is the separator thickness, λc is the activated carbon conductivity, λa is the
aluminum conductivity, and λs is the separator conductivity. It is assumed that
ea � ec and es � ec. Using these conditions, the equivalent thermal resistance
becomes equal to the thermal resistance of the activated carbon. Therefore, the
equivalent thermal conductivity along the radial direction is used equal to the
activated carbon conductivity (λr ≈ λc).

Along the axial direction, the thermal conductivity λz is assumed to be the same
as the aluminum conductivity. This condition is deduced from the electrical analog
used to represent the heat flow inside the supercapacitor by the parallel thermal
resistances as follows:

1

Rth
=

N∑
n=1

1

Rth,n
(11.32)

where Rth,n is the thermal resistance of the layer number ‘‘n,’’ and N the total
number of the layers (carbon, aluminum, separator). The thermal conductivity
of aluminum is much higher than the thermal conductivity of the carbon and
the separator. The thermal conductance of the carbon and the separator can
be neglected compared to the thermal conductance of aluminum. Using this
hypothesis, the equivalent thermal resistance along the axial direction may be
written as

1

Rth
= 1

Rth,a
(11.33)

The axial thermal conductivity can be assumed to be equal to the aluminum
conductivity (λz ≈ λa).

11.3.3
Thermal Boundary Conditions

The thermal conduction equation is solved using the thermal boundary conditions,
which are defined as follows:
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• Before starting the experiments (at t = 0), the temperature in the supercapacitor
is assumed to be uniform and equal to the measured value at the heat exchange
surface.

T (r, z, 0) = T0 for ri ≤ r ≤ ro and 0 ≤ z ≤ L

• On the inside surface of the supercapacitor, the plastic cylinder of radius ri which
is characterized with a very low thermal conductivity, is used as the isolated
support. The heat flux is defined from the Fourier’s law. It is expressed as a
function of the temperature gradient in the radial direction. The radial thermal
conductivity may be written as follows:

λr

∂T

∂r
(0, z, t) = 0, where 0 < t ≤ tf and 0 ≤ z ≤ L

• On the outside surface of the supercapacitor, the thermal energy is transferred
by convection in the airflow and by radiation at the ambient temperature Tamb.
The thermal energy can be transferred because of the electromagnetic radiation,
which is propagated as a result of the temperature difference between a surface
and its environment. The thermal radiation is proportional to the fourth power
of the absolute temperature and the heat exchange surface of the supercapacitor.
The heat flux transferred per unit of the surface is expressed as

qrad = εσ
(
T4 − Tamb

4) (11.34)

where ε is the surface emissivity that relates the radiation of the gray surface to
that of an ideal black surface. σ is the Stefan–Boltzmann constant (σ = 5.669
× 10−8 W m−2 K−4). T and Tamb are the surface and the ambient temperatures,
respectively. In this work, the radiation heat flux is written in the form of the
following relation:

qrad = hrad

(
T − Tamb

)
(11.35)

where the radiation heat transfer coefficient is expressed as

hrad = εσ
(
T − Tamb

) (
T2 + Tamb

2) (11.36)

Beside the radiation heat transfer, convection heat transfer is also considered at
the external surface of the supercapacitor. In the air surrounding the supercapacitor,
the heat transfer rate is related to the overall temperature difference between the
external surface and the ambient room air. Newton’s law of cooling is used to
express the overall effect of convection on the heat exchange surface as follows:

qconv = hconv

(
T − Tamb

)
(11.37)

where T is the surface temperature, Tamb the ambient room air temperature, hconv

the convection heat transfer coefficient, and qconv is the heat flux transferred per
unit of the heated surface.

In this work, the thermal boundary conditions are defined by taking into account
the radiation and the convection heat transfer coefficients on the entire external
surface. The local heat flux transferred by conduction at the interface between the
air and the heat exchange surface is assumed to be equal to the heat flux received
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by the air layer around the supercapacitor. The heat flux dissipated by conduction
is defined using Fourier’s law and the minus sign is inserted so that the second
principle of thermodynamics will be satisfied. Thus, at the external radius (r = ro):

−λr

∂T

∂r

(
ro, z, t

) = ht

[
T
(
ro, z, t

) − Tamb

]
(11.38)

where 0 < t ≤ tf, 0 ≤ z ≤ L.
At the supercapacitor extremities (z = 0 and L), the temperatures are defined

from the heat balance in the axial direction, which is defined by the following
equations:

−λz

∂T

∂z
(r, L, t) = ht

[
T (r, L, t) − Tamb

]
(11.39)

where 0 < t ≤ tf , ri ≤ r ≤ ro , z = L

−λz

∂T

∂z
(r, 0, t) = ht

[
T (r, 0, t) − Tamb

]
s (11.40)

where 0 < t ≤ tf, ri ≤ r ≤ ro, and z = 0.
The heat transfer coefficient ht is defined as the sum of the convection and the

radiation heat transfer coefficients.

ht = hrad + hconv

11.3.4
Convection Heat Transfer Coefficient

In general, when the heated surface is exposed to the ambient room air without
any imposed external motion of air, the ambient air will be in movement because
of the temperature differences that are induced by the air density difference in
the proximity of the heat exchange surface. In this case, the thermal energy is
transferred in the ambient air by natural convection. The latter is the simplest
method of cooling electronic components because the use of fans could introduce
dust and contaminants in the system, and requires additional power.

The heat transfer coefficient for natural convection will have a dependency on the
density, viscosity, velocity, and on the thermal properties, such as the conductivity
and the specific heat capacity, of the fluid. The velocity profile of the fluid is greatly
influenced by the fluid viscosity and the heat exchange surface geometry. The
heat transfer coefficient is deduced from the Nusselt number, which is defined as
follows:

Nu = hconvD

λair
(11.41)

where D is the capacitor outside diameter and λair is the thermal conductivity of
the ambient room air.

For natural convection, the dimensionless Nusselt number is expressed as a
function of the dimensionless Rayleigh number (Ra).

Nu = ARam (11.42)
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where the dimensionless constant A and the exponent m are adjusted from
experimental data.

The Rayleigh number is determined as the product of the Prandtl and the Grashof
dimensionless numbers. The Prandtl number (Pr) depends on the properties of
the fluid (air) and the Grashof number (Gr) depends on the geometry of the heat
exchange surface. Thus,

Ra = Gr × Pr (11.43)

where

Pr = µairCp,air

λair
(11.44)

where µair is the dynamic viscosity of the air, λair the thermal conductivity of the
air, and Cp, air the specific heat capacity of the air.

Gr = ρair
2 g β

(
T − Tamb

)
D3

µair
2

(11.45)

where g is the gravitational acceleration, T the surface temperature, and β is
the volume coefficient of expansion, which may be determined from tables of
properties. For ideal gases, it may be calculated from the following expression:

β = 1

Tamb
(11.46)

where Tamb is the absolute temperature of the air.
For laminar and turbulent natural convection around the horizontal cylinder, the

Nusselt number is expressed subsequently.
In the case of a laminar convection (103 ≤ Ra ≤ 109):

Nu = 0.53Ra1/4

In the case of a turbulent convection (109 ≤ Ra ≤ 1013):

Nu = 0.10Ra1/3

11.3.5
Solution Procedure

The discretization of the equations system is made by means of an implicit alter-
nating direction method. For a three-dimensional space, the implicit alternating
method was applied by using two intermediate values T* and T**. At each time
t + �t, the temperature T is computed from the temperature T(t) using the
following equations [19]:

T∗ − T (r, z, φ, t)

�t/2
= ∂2 T∗

∂r2
+ 1

r

∂T∗

∂r
+ 1

r2

∂2T (r, z, φ, t)

∂φ2
+ ∂2T (r, z, φ, t)

∂z2

(11.46)
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T∗∗ − T (r, z, φ, t)

�t/2
= ∂2 T∗

∂r2
+ 1

r

∂T∗

∂r
+ 1

r2

∂2T∗∗ (r, z, φ, t)

∂φ2
+ ∂2T (r, z, φ, t)

∂z2

(11.47)

T (r, z, φ, t + �t) − T (r, z, φ, t)

�t/2
= ∂2 T∗

∂r2
+ 1

r

∂T∗

∂r
+ 1

r2

∂2T∗∗ (r, z, φ, t)

∂φ2

+ ∂2T (r, z, φ, t + �t)

∂z2
(11.48)

Equation (11.46) is implicit only in the radial direction, Eq. (11.47) is implicit only
in the angular direction, and Eq. (11.48) is implicit only in the axial direction. There
is one unknown parameter per equation (T) and the Gaussian elimination method
is used for each tridiagonal system that defined each equation. Equation (11.46) is
solved for the first intermediate values T*, which is used in the second equation
(Eq. (11.47)). This equation is solved in order to determine the second intermediate
temperature values T**, which are used in the third equation (Eq. (11.48)), thus
leading to the solution at the end of the whole time interval �t.

The system of equations is solved by means of an implicit finite-difference
scheme. The integration domain in each direction is divided into cells of dimensions
�r, �z, and �ϕ in the radial, axial, and angular directions. Each computing plane
is indexed by ‘‘i’’ in the radial direction, ‘‘j’’ in the angular direction, and ‘‘k’’ in
the axial direction. The solving method requires the temperature values for all the
grid points on the cylinder extremities and the external surface, while respecting
the thermal boundaries conditions. The derivative temperature functions in the
longitudinal direction are approximated by backward differences. The derivative
temperature terms are evaluated by the central difference in the radial and the
angular directions.

∂T

∂r

∣∣∣∣
i.j,k

= Ti+1,j,k − Ti−1,j,k(
ri+1,j,k − ri−1,j,k

) (11.49)

∂T

∂φ

∣∣∣∣
i.j

= Ti,j+1,k − Ti,j−1,k(
φi,j+1,k − φi,j−1,k

) (11.50)

∂T

∂z

∣∣∣∣
i.j,k

= −3Ti,j,k + 4Ti,j,k−1 − Ti,j,k−2

2�z
(11.51)

The system of the finite-difference equations forms the tridiagonal matrix that can
be solved using the Thomas algorithm. For example, the system of linear equations
in the radial direction is written in the following form:

Ai,j,kTi−1,j,k + Bi,j,kTi,j,k + Ci,j,kTi+1,j,k = Di,j,k (11.52)

where T is a general vector containing j values. The coefficients of the matrix form
Ai,j,k, Bi,j,k, Ci,j,k, and Di,j,k are defined as a function of the thermophysical properties
and the temperatures in the others nodes.
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11.3.6
BCAP0350 Experimental Results

A Maxwell BACP0350 supercapacitor, which has a capacitance of 350 F and a rated
voltage of 2.5 V, is tested as shown in Figure 11.26. The supercapacitor is charged
with different constant currents by using a DC/DC converter. The regulation of the
current is performed by hysteretic control. The discharge is regulated at constant
current using an active load. Figure 11.27 presents the supercapacitor current
and voltage versus time during the charge and the discharge. The supercapacitor
voltage is swept between its rated voltage (2.5 V) and half of this voltage (1.25 V).
Generally, supercapacitors are operated between these two voltages because in this
condition they can store and provide approximately 75% of its maximum energy,
without generating big electronic design problems.

The studied supercapacitors have a 33 mm outside diameter, and a 61.5 mm
length. The dissipated power inside the supercapacitor is assumed to be uniform.
It is equal to 2.88 W for 30 A of charge/discharge current. For this experiment, the
environmental temperature Ta = 20 ◦C was constant over time. The supercapacitor
is cooled with only a slowly moving air flow under the effect of the natural
convection. The computations are conducted for a heat transfer coefficient of 12
W m−2 K. The radial thermal conductivity is equal to 0.5 W m−1 K−1 and the
axial thermal conductivity to 210 W m−1 K−1. The thermal resistance in the axial
direction is very low compared to that in the radial direction. Figure 11.28 shows
the comparison between the experimental and the numerical results. Initially, the
temperature of the supercapacitor is assumed to be uniform and equal to 20 ◦C. The
supercapacitor temperature increases exponentially over time. The experimental
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Figure 11.26 BCAP010 temperatures: comparison between simulation and experimental
results.
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Figure 11.28 BCAP0350 temperature comparison between the model results and the exper-
imental data for a charge/discharge current of 30 A.

and the predicted values are in very good agreement. The small difference between
the measurements and the predicted values at r = 2.5 mm is due to the fact that
the measured temperature at the supercapacitor positive pole is assumed to be
equal to the temperature inside the supercapacitor at r = 2.5 mm. This hypothesis
is confirmed by the experimental data obtained by Maxwell Technologies and the
Paul Scherrer Institut in the case of the BCAP0010 supercapacitor. Figure 11.29
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Figure 11.29 Comparison between the measured temperatures inside and on the positive
pole of a BCAP0010 supercapacitor.

presents an example of the temperature profiles measured in transient and steady
state using BCAP0010. The experiment is performed measuring the temperature
inside and at the positive front of the supercapacitor. It is shown that the maximum
difference between the two measured values is smaller than 2 ◦C. This is due to the
fact that the axial thermal resistance is very low.

The supercapacitor thermal resistance is determined using the developed thermal
model. It has been estimated to be equal to 10.66 K W−1 for the BACP0350.

Under the same conditions, Figure 11.30 shows the time evolution of the
temperature profiles along the radial direction for the BCAP0350 supercapacitor.
These results show that the radial temperature decreases along the radius because of
the dissipated convective heat flux on the external surface of the supercapacitor. The
temperature difference between the inside of the supercapacitor and the external
surface increases over time. This temperature increase over time is due to the fact
that the supercapacitor accumulates heat during the charge and the discharge. The
temperature distribution is due to the fact that the radial thermal resistance is
higher than the axial one. It reaches 5 ◦C after t = 3200 s compared to 2 ◦C after t =
400 s. This temperature difference can be neglected compared with the temperature
between the initial sate and the steady state. It can be seen (Figure 11.30) that
steady-state temperature is equal to 56 ◦C when the initial temperature is 20 ◦C. For
hybrid vehicle applications, the ambient temperature is higher and it is necessary
to dimension a cooling system for the supercapacitor module.

Figure 11.31 shows the time evolution of the heat losses at the external surface
of the supercapacitor. The heat flux through the outside radius is generated by
convection. It is calculated using the Newton law that is defined by the following
equation:

Qw = hS
(
Tr=ro

− Ta

)
(11.53)
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Figure 11.31 Heat exchange energies for BCAP0350 supercapacitor.

where the heat exchange surface is determined as

S = 2πroL (11.54)

D is the supercapacitor outside diameter and L is its length.
During time, the heat flux dissipated by the electrical current flowing inside

the supercapacitor (Joule effect) is equal to the sum of the heat flux generated by
convection at the external surface of the supercapacitor and the accumulated heat
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Figure 11.32 BCAP0350 internal temperatures for different charge and discharge currents.

energy inside the supercapacitor. Figure 11.31 shows that for each instant, the
accumulated heat energy decreases when the convective heat losses increase on the
external surface. During the experiment, the supercapacitor temperature increases
until it attains the steady state. In this case, the difference between the surface
temperature and the ambient temperature increases and it tends to increase the heat
losses to the air ambient by natural convection. The thermal energy accumulated by
the supercapacitor decreases during time because it results from the heat capacity
of the supercapacitor that is necessary to raise the temperature of the mass. Higher
heat capacity means a greater thermal energy that may be accumulated by the solid.

The temporal evolution of the supercapacitor temperature as a function of
the electrical power accumulated or provided by the device has been studied.
Figures 11.32 and 11.33 show, respectively, the temperature variations inside the
supercapacitor according to the time (at r = ri) and the variation in the heat loss
on the supercapacitor’s external surface. The initial temperature is fixed at 20 ◦C.
The supercapacitor capacitance is 350 F. It is charged and discharged at constant
current between its nominal voltage (2.5 V) and half of this voltage. For each
current of charge and discharge, only the natural heat convection is considered.
These results show that, in the steady-state case, for 35 and 40 A, the supercapacitor
temperature exceeds its maximal operating value. This latter is recommended by
the manufactures to be less than 65 ◦C.

For example, when the supercapacitor is charged and discharged with a 40 A
constant current, the inside temperature becomes higher than 60 ◦C after 12 min.
This necessitates a cooling system in order to maintain the temperature below the
operating value.

Using the developed model, thermal resistance of BCAP0350 F is calculated
for different supercapacitor currents of charge and discharge. Table 11.2 gives the



11.3 Thermal Modeling 409

0

1

2

3

4

5

6

0 0.2 0.4 0.6 0.8
Time (h)

H
ea

t l
os

se
s 

(W
)

25A40A 35A 30A

20A 15A 10A

1

Figure 11.33 BCAP0350 heat losses for different charge and discharge current values.

Table 11.2 BCAP0350 thermal resistances.

I (A) Rth (K W−1)

10 10.670
15 10.734
20 10.755
25 10.764
30 10.665
35 10.775
40 10.777

supercapacitor thermal resistance when the device is charged and discharged with
10, 15, 20, 25, 30, 35, and 40 A for the BCAP0350. These results show that there is
a very small difference between these values. The difference is less than 1%.

The supercapacitor cooling system can be realized using air forced convection.
Figure 11.34 shows the evolution of the supercapacitor maximal temperature as a
function of the convection heat transfer coefficient. The simulation conditions are
that the current of charge and discharge is constant and its value is equal to 40 A.
Two values of the ambient temperature, 20 and 35 ◦C, respectively, are considered.

These results show that the supercapacitor maximum temperature is higher than
the maximum operating temperature when the convection heat transfer is less than
16 W m−2 K for 20 ◦C and 26 W m−2 K for 35 ◦C. In this case, it is obvious that it is
necessary to install a cooling system in order to maintain the supercapacitor tem-
perature at less than 60 ◦C. The supercapacitor should be equipped with the cooling
system consisting of fans or air distribution channels. The choice of the cooling
system depends on the level of the heat transfer coefficient and the higher operating
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temperature. The chosen cooling system should be sufficient to keep the superca-
pacitor temperature at a tolerable temperature level, which leads to a longer lifetime.

11.4
Supercapacitor Lifetime

The lifetime of an energy storage component is the time required to fail. Failure is
defined as the lack of ability of a component to fulfill its specified function. One of
its characteristics will be out of the specification. For example, the capacitance will
be below its specified limit value, or the series resistance will be above its specified
value, the component will be leaking, or will be open. The lifetime is a statistical
value that gives the best estimate for the service life based on the Weibull theory. A
detailed presentation of the Weibull failure statistic theory is available in Ref. [20].

The survivor function F(t) is the number of elements of the statistical sample
that have not failed or lost their function at time t and are still working.

F (t) = exp−(λot)p
(11.55)

The failure rate is given in FIT (failure in time), which is the number of failures
occurring during 109 h of working one object. λ(t) and λo must not be confused.
The latter is a constant (independent of time, but dependent on the temperature
and voltage) that corresponds to the inverse of the time necessary for 63% of
the sample to fail. λ(t) is the inverse of the mean time between failure (MTBF).
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In the wear-out region, λ(t) increases with time. The manufacturer specifications
give the maximum value of λ(t) within the announced lifetime: 50 FIT and 10 years
of lifetime expectancy.

11.4.1
Failure Modes

The supercapacitors are concerned with typical failure modes:
1) ‘‘Early failures’’ and ‘‘wear-out failures’’ are reflected in the curve known as the

bathtub curve. At the beginning of the component usage, the failure rate rapidly
decreases. The ‘‘youth’’ failures are screened by routine tests at the manufac-
turer or customer sites. They are due to design and process weaknesses which
have not been detected by the design and process FMEA (Failure mode and
effects analysis) performed during the development. They are more probably
due to production process variations or to material quality changes. The process
variations are due to tool wear, operator change, and lack of formation. This
early failure mode is not taken into account by the Weibull model theory.

2) The cell container opens as a result of an internal overpressure [21, 22]. The
voltage and the temperature generate a gas pressure inside the cell, which
increases with the working time. When the pressure reaches a determined
limit, a mechanical fuse, generally a groove on the can wall or a pressure relief
on the lead, may open softly, avoiding an explosion of the device. The electrical
functions of the supercapacitor are still working. The capacitance loss speed
increases slightly. Some traces of the electrolyte salt are visible close to the
aperture. Solvent vapors are released from the component. For this reason, it is
required that supercapacitor modules should be ventilated. In case of opening,
the component must be replaced.

3) With regard to leakage [23], the consequences are almost the same as in the
previous case. The origin of the failure may be due to internal overpressure,
bad seal position, weak welding, perforation of the wall during electrode
contacting, and so on. Detection of the leakage is sometimes difficult. It may
occur that some residual electrolyte is trapped in an area difficult to access,
during component production, and becomes apparent in the application.

4) When the capacitance value is below 80% of the nominal one, the accessible car-
bon surface and the availability of ions are reduced during the electrochemical
cycling.

5) When the series resistance value is twice the nominal one, the electrode
adhesion on the collector weakens with time and temperature. The ion
availability is reduced.

11.4.2
Temperature and Voltage as an Aging Acceleration Factor

For each failure mode, a statistical model must be developed. This is usually
achieved by performing accelerated tests, increasing the temperature, or/and the
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voltage, in steady-state or in accelerated cycling. The cycling experiments have the
disadvantage of requiring a great deal of power, which consequently limits the
number of samples that can be tested.

The given numerical values – 80% for the capacitance and 200% for the series
resistance – may be adapted to particular application requirements that may
be different. They change also from one manufacturer to another. This is an
important point that must be kept in mind when comparing datasheets from
different manufacturers.

To get an estimation of the time required to reach 20% of electrode capacitance
loss, the coefficient λo and p must be determined for all the operating temperatures
and for all the operating voltages. They are measured for a set of discrete values,
and then, the coefficient λo and p for the other temperatures and voltages are
calculated using the following solicitation ratio:

t1

t2
=

(
V2

V1

)n

exp

[
Ea

k

(
1

T1abs

− 1

T2abs

)]
(11.56)

In this relation, t1 is the lifetime at the temperature T1 and voltage V1, t2 is
the lifetime at the temperature T2 and voltage V2, Ea is the activation energy
determined by the experimental data, k is the Boltzmann constant, and n is a
constant determined experimentally. An extensive study has been performed to
demonstrate a general approach to assess electrochemical capacitor reliability as a
function of operating conditions on commercial capacitor cells [24]. An Arrhenius
law is used for the temperature dependency, while an inverse power law is
used for the voltage dependency. Some electronic apparatus concepts are already
available to estimate in situ the double-layer capacitor residual life by monitoring
the temperature and voltage constraints of the application [25].

It is noteworthy that when the voltage is close to the electrochemical decompo-
sition voltage, there is an acceleration of the degradation phenomena, especially in
the higher temperature domain.

The challenge in most industrial applications is to size the storage system as small
as possible, for both cost-saving and available volume reasons. To optimize the
dimensions of the components and setting the reserve to a minimum value, all the
available field data, which allow fitting precisely the actual application requirements,
must be considered. Practically, the duration, temperature, and voltage solicitation
stresses must be individually estimated. An equivalent stress weight is calculated
for each contribution, based on the solicitation ratio in Eq. (11.56). The lifetime
expectation is evaluated by summing all the estimated contributions.

The capacitance drop is not linear. The experimental work (Figure 11.18) shows
that three phases may be distinguished on the capacitance drop curve.

1) A first phase that lasts between 1 and 12 h, depending on temperature and
voltage, is in fact a measurement effect. It is caused by the charging of the
electrode areas that have no counter electrode in their neighborhood. The ions
need a long time to reach these distant areas. This leads to a discharge of the
charges initially located on the paired electrode toward the unpaired electrode
areas.
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2) The second capacitance fading process is exponential. In the voltage and
temperature conditions of Figure 11.17, the time constant is in the range of
2000 h. This part of the process may be attributed to a potential window shift
combined with the aging due to the construction asymmetry.

3) The third one occurs after an approximate drop of the capacitance of 15–20%.
It appears as linear, but may also be exponential with a long time constant. This
is not possible to find out in the limited experimental time. The attribution
of the second and third processes to a physical phenomenon is not well
established. An attempt to correlate the exponential decay with leakage current
measurement has been presented in the literature [21].

The increase in the ESR is linear with time. The values measured during the
aging experiment at 50 ◦C and 2.5 V are aligned on a line the slope of which is
equal to 7.5 × 10−4 [% h−1].

11.4.3
Physical Origin of Aging

The physical origin of the aging is attributed to different phenomena such as the
oxidation of the carbon surface, the closing of the pores access, or/and to the ionic
depletion in the electrode due to electrolyte starving [26]. When a double-layer
capacitor is opened, after an aging period under large stress, the oxidation of the
separator may be observed. A brown coloration appears on the surface, especially
on the side exposed to the positive electrode [27].

The electrolyte undergoes irreversible transformations that are accentuated by
voltage and temperature. The electrochemical decomposition of the electrolyte
generates a gas overpressure in the double-layer capacitor package (e.g., generation
of H2 in the case of AN and CO2 in the case of polypropylene carbonate).

Hahn et al. [28] have shown for the first time the gas evolution in a double-layer
capacitor cell employing activated carbon electrodes and an electrolyte solution of 1
M (C2H5)4NBF4 salt in a PC solvent. The gas has been monitored by means of online
mass spectrometry differential electrochemical mass spectrometry (DEMS). During
slow scan voltammetry, CO2, propene, and H2 were detected as the major gaseous
decomposition products. Probably propene and H2 are formed by solvent reduction
at the negative electrode, while CO2 is formed by solvent oxidation at the positive
electrode. A small amount of propene has already been detected at cell voltage below
1 V. The onset of apparent faradic currents has already been found at a cell voltage of
1.6 V corresponding to half cell potentials of 2.1 and 3.7 V versus Li/Li+, respectively.

H2 (m/z = 2) is first detected at a cell voltage of 3.4 V (E− = 1.1 V vs Li/Li+),
well above the usual electric double-layer capacitor (EDLC) operation voltage limit
of 2.7 V. The reduction of (trace) water is expected at potentials negative to 2 V
versus Li/Li+. However, the water content of the electrolyte is very low (<20 ppm).
Therefore, most of the H2 may be regarded as a general reduction product of organic
compounds (solvent and/or H-containing carbon surface groups). A smooth rise of
the CO2 signal (m/z = 44) is observed at a cell voltage of 2.7 V, again coinciding with
the apparent faradic current rise. The corresponding positive electrode potential of
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E+ = 4.3 V versus Li/Li+ is in good agreement with most other values reported for
the onset of oxidative PC decomposition [29].

Azaı̈s et al. [30] have studied the causes of supercapacitors aging in an organic
electrolyte. The activated carbon electrodes have been characterized before and
after prolonged floating (4000–7000 h) at an imposed voltage of 2.5 V. After
aging, the positive and negative electrodes have been studied by XPS and NMR
on the nuclear spin of 19F, 11B, and 23Na. Decomposition products have been
found in the electrodes after aging. The amount of products depends on the kind
of activated carbon and electrode polarity, suggesting electrolyte redox reactions
with the active surface functionalities. Nitrogen adsorption measurements at
77 K on the used electrodes showed a decrease in accessible porosity owing
to trapping of the decomposition products in the pores. The evolution of the
supercapacitor performance with operation time, that is, the capacitance decrease
and the resistance increase, are due to the decomposition of the organic electrolyte
on the active surface of the carbon substrate, forming products that block a part of
the porosity. The concentration of surface groups and their nature were found to
have an important influence on the performance fading of supercapacitors.

Kötz et al. [31] have demonstrated that the gas evolution at capacitor voltages
higher than 2.5 V depends significantly on the solvent used in supercapacitors, with
identical high-surface-area carbon electrodes and the same salt for the electrolyte.
Gas evolution and leakage current for the γ-butyrolactone (GBL)-based electrolyte
is, at all voltages, drastically higher than for PC and AN. At a cell voltage of 3.25 V,
gas evolution in PC is found to be a factor 10 higher than in AN− despite the
twofold higher leakage current in the AN-based electrolyte. The amount of leakage
current is obviously not necessarily a good measure for the amount of gas evolved.

Kurzweil et al. [27] were able to gather the first insights into the thermal
and electrochemical decomposition mechanisms of (C2H5)4NBF4 in AN. The
experiments gave clear hints about the formation of volatile amines, intermediate
amides, carboxylate anions of organic acids, and fluorinated compounds.

1) In the headspace of supercapacitors, excess AN, water vapor, carbon dioxide,
and ethene, and fragments of metaboric acid and alkylboranes were detected.

2) The thermal decomposition of (C2H5)4NBF4 in AN requires the catalytical
activity of the active carbon electrodes.

3) AN forms acetamide, acetic acid, and fluoroacetic acid, depending on the cell
voltage and humidity of the electrolyte.

4) The alkylammonium cation is destroyed at elevated temperatures by the
elimination of ethene. The trialkylamine by-product can be oxidized. Free
ammonium ions were not detected.

5) Tetrafluoroborate is a source of fluoride, hydrogenfluoride, and boric acid
derivates.

6) The brownish salt residues at burst supercapacitors consist of acetamide,
organic acids, fluoroacetic acid derivates, and polymer products (polyamides?).
A similar crystalline mass can be reproduced by electrolysis of the electrolyte
at 4 V. The formation of fluorocarboxylic acids requires about 6 V. Acid gases
escape.



11.4 Supercapacitor Lifetime 415

7) In the liquid phase, heterocyclic compounds, such as pyrazines, are formed.
8) The active carbon electrodes lose cyclic siloxanes and aromatic contaminations

even at room temperature, and are destroyed mainly at the anode.
9) The oxide layer on the etched aluminum support material under the active

carbon layer is destroyed by fluorination.
10) Hydrogen is generated by electrolysis of water and by the fluorination

of carboxylic acids. Water is generated by condensation of aminocarbonyl
compounds.

Kötz et al. [21] have observed in a DC voltage test on BCAP0350 from Maxwell
Technologies that the failure of all capacitors occurred via a can opening at
the predesigned safety valve as a consequence of increased internal pressure.
Can opening was always preceded by the capacitor end-of-life in terms of 20%
capacitance loss. The capacitors can be operated at 70 ◦C and nominal voltage for
about 1600 h before the capacitance drops to 80% of the initial value. Capacitors
aged at elevated voltages (3.3 V) exhibited a tilting of the low-frequency component
in the Nyquist plots, which implies an increase in the heterogeneity of the
electrode surface. This feature was not observed on aging at elevated temperatures
(70 ◦C).

Charging and discharging creates mechanical stresses in the electrode. It has
been shown that the application of a voltage induces a reversible expansion of
the electrode [32, 33]. This mechanical motion, especially in the case of ionic
insertion in the electrode, is known to be one of the origins of aging in the battery
domain.

11.4.4
Testing

Supercapacitor reliability is estimated by means of different electrical tests that give
complementary information. The manufacturers use two test types: ‘‘DC voltage
test’’ and the ‘‘voltage cycling test.’’

Calendar life testing is often mentioned in the literature [34]. This is a test
that has its origin in the battery domain. The cells are prepared in different
states of discharge (SOD) and stressed with different temperatures. The cell
functionalities as the resistance and the capacitance are measured periodically with
well-defined charge/discharge conditions. Between the measurements, the cells are
floating: they are not connected to a power supply. In the case of supercapacitors,
this type of measurement is disturbed by the self-discharge of the cells, which
makes result interpretation difficult because of the voltage variation during the
experiment.

11.4.5
DC Voltage Test

The measurements done to characterize aging are very sensitive to the polarization
history. This remark is important, in particular, for the first measurement, used
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as the initial reference value, because this is the only measurement starting from
an initial nonpolarized state. In contrast, all the other subsequent values are
obtained by starting the measurement from a polarization state corresponding to
the nominal voltage.

At the beginning of the polarization stress, the electrode areas that are difficult to
access for the ions, such as unpaired electrode area, are not charged because of the
long distance the ions have to cover. In terms of electrical circuit, this corresponds
to a long time constant owing to the high series resistance of the long ion path.
During the capacitance measurement, the current flows from charged area toward
the less charged area. The incidence on the measurement interpretation is a
capacitance increase if the measurement is performed during the charge and a
capacitance decrease if the measurement is performed during the discharge, as the
standards require. After about 24–48 h, the supercapacitor may be considered in a
steady state and the measured evolution starts to be monotone.

The capacitance and ESR of a BCAP0310_P, the powerful version of the Maxwell
Technologies supercapacitor, have been measured periodically during a DC life
test (Figure 11.35). The supercapacitor was placed in an oven at 65 ◦C with a
continuous applied voltage of 2.7 V. The capacitor was polarized previously during
the 24 h at 65 ◦C before starting the experiment. The measured initial capacitance
was 322 F and the initial ESR was 2.1 m�. The capacitance and the ESR were then
measured during a charge and a discharge once a week. The ESR was measured at
the beginning of the charge at 1.35 V and at the beginning of the discharge at 2.7
Vdc. All the measurements were performed with a constant current of 10 A.

If the test is interrupted for a long time, an increase in capacitance is observed
in the measurement. The increase amplitude is reversely exponential with the
interruption time. When resuming the test, the capacitance decreases very fast to
reach the value before the interruption.
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Figure 11.35 Capacitance and ESR during a DC life test on a BCAP0310_P at 2.7 Vdc
and 65 ◦C.
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11.4.6
Voltage Cycling Test

Voltage cycling requires more powerful and expensive equipment. This limits the
number of samples that may be studied. This method presents the advantage that
the capacitance and the ESR may be measured continuously during the experiment.
A disadvantage is that it is difficult to have a control over the component temperature
because it depends on both the current and the component thermal resistance.

For a small current, the aging during voltage cycling is equivalent to that during
a DC voltage solicitation if:

1) the internal component temperatures are the same
2) the ‘‘mean’’ voltage obtained by pondering the voltage classes visited during

the cycling with the power law presented above (Eq. (11.56)) are the same.

The voltage cycling sequence is performed as described in Figure 11.13. In this
experiment type, it is necessary to take into account the component temperature
increase due to the losses generated by the current in the resistances.

From a practical point of view, the intensity of the current increases both the
number of cycles performed in a given time and the component internal temper-
ature. The rest time period between the charge and discharge increases the time
spent at high voltage and reduces the number of cycles performed in a given time.

The experimental data have been measured on a BCAP0310_P manufactured
by Maxwell Technologies in Rossens, Switzerland, at room temperature between
20 and 22 ◦C (Figure 11.36). The supercapacitor has been cycled between 1.25 and
2.5 V without rest time with a current of 62 A. The current intensity has been chosen
in order to get a component temperature of 65 ◦C. The 310 F nominal capacitance
and the 1.7 m� nominal ESR are specified at room temperature and 1 Hz.

The capacitance and the ESR have been reported in Figure 11.36 as a function of
the number of voltage cycles. They are measured with an impedance spectrometer
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Figure 11.36 BCAP0310_P capacitance and ESR evolution when the supercapacitor is con-
tinuously charged and discharged with a current of 20 A.
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at 10 mHz. The initial capacitance value was equal to 319 F, while the initial ESR
value was 2.9 m�

During the experiment, the ESR increased by a factor of 20%. The capacitance
decreased 15% of the initial value. With a cycle time of 25 s, the experiment lasted
about 1000 h. A simple calculation shows that for cycling the voltage cell between
1.25 and 2.5 V without rest time, the equivalent continuous voltage would be
2.25 Vdc. With a large current of 62 A, the voltage drops due to the 2 m� series
resistance will be equal to 0.120 V, so that the cell almost never sees the high
voltage limit. An additional aging due to the current intensity is expected to explain
the relative important aging found in the measurement.

11.5
Supercapacitor Module Sizing Methods

A supercapacitor module is sized according to specifications drawn up as per the
required power and the time during which the module must provide this power.

The design methodology is illustrated in Figure 11.37. This method involves the
following:

• Define the voltage and current ratings.
• Determine the total capacitance of the supercapacitor module.
• Determine the number of supercapacitor cells to put in series and in parallel.

We define the following parameters:

• P is the power set by the specifications.
• �t is the duration of the power delivery by the supercapacitor module (discharge

time).
• Umax is the maximum voltage of the supercapacitor module.
• Umin is the inimum voltage of the supercapacitor module.
• I is the average discharging current of supercapacitors.
• Ct is the total capacitance of the supercapacitor module.
• R is the total equivalent series resistance of the supercapacitor module.

Generally, Umin = Umax/2 because below this value the efficiency of the electronic
converter drops very fast. When the supercapacitor module is discharged between
Umax and Umax/2 , 75% of the stored electrical power is consumed.

The total capacitance and the internal resistance R of the supercapacitor module
are calculated on the basis of the number of cells in series or in parallel. These two
parameters are given by

Ct = C
Nparallel

Nseries
(11.57)

R = ESR
Nseries

Nparallel
(11.58)
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Figure 11.37 Algorithm describing the design of a supercapacitor module according to a
given required power.

where C and ESR are the capacitance and the series resistance of the supercapacitor
cells used to build the module, Nseries is the number of cells connected in series,
and Nparallel the number of cells connected in parallel.

Nseries is calculated by the ratio of the supercapacitor module voltage (Umax) and
the supercapacitor cell nominal voltage.

For given temperature and time profiles, the supercapacitor module voltage is
expressed by

Umax − Umin = I
�t

Ct
+ RI (11.59)

To determine the average current I, the following expressions are used:

Imax = P

Umin
, Imin = P

Umax
, I =

(
Imax + Imin

)
2

(11.60)

The supercapacitor datasheet specifies different voltage values. The main one,
called operating voltage, which can be applied without degradation or damage
during the lifetime of the supercapacitor that is typically 100 000 h. The second
one, called peak voltage, is harmful to the components. It can be applied for a few
hours. However, when a supercapacitor is subjected to a peak voltage, the organic
electrolyte in the cell begins to decompose into a gaseous product. If this voltage
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is applied continuously on the component, the pressure will increase until the
opening of the component.

In practical application, the supercapacitors are solicited at different temperatures
and different voltages during their operation. The lifetime is determined by a
ponderated calculation based on the aging laws.

The analysis and the study conducted on the behavior of supercapacitors in their
associations show the need for a balancing circuit to evenly distribute the voltage on
each cell. Therefore, different manufacturers offer two types of balancing circuits,
passive and active.

11.6
Applications

Power management for hybrid vehicles depends on the association of different
energy sources as well as different types of motorization. Fuel cells (FCs) produce
an electrical energy from an electrochemical reaction between a hydrogen-rich
fuel gas and an oxidant (air or oxygen). The main by-products are water, carbon
dioxide, and heat. FCs are electrically similar to batteries, since they both produce
a DC voltage by using an electrochemical oxidoreduction process. Unlike batteries,
however, FCs do not release stored energy; instead, they convert energy from
hydrogen-rich fuel directly into electricity. FCs operate as long as they are supplied
with fuel. Furthermore, they have a large time constant (several seconds) to respond
to an increase or decrease in power output demand. The use of supercapacitors (SC)
as a storage system in DC hybrid sources, in parallel with FC or batteries, permits
to supply or cut off the transient power peaks and can compensate for the intrinsic
limitations of the FC power thanks to their shorter time constant and higher power
density. In addition, they are easily controlled by the power electronic system of
conversion. The aim of power management is to increase the vehicle range, regulate
the power, reduce the quantity of pollutant emissions (e.g., NOx), minimize the
quantity of fuel consumption, and also maintain the performance of the battery
along its lifetime [35–41]. The power management uses the supercapacitors for
starting the motor (peaks of load current) and for the energy recuperation during
braking. The system management, often called BMS for ‘‘battery management
system,’’ needs the definition of a strategy regarding the state of charge of the
different components of the system [42–44]. The power and energy management
problems in the hybrid vehicles are brought back to minimize a cost function,
which generally represents the quantity of fuel (e.g., diesel or gasoline for the
thermal engines, hydrogen for PEM (Proton Exchange Membrane) fuel cell, etc.).
This optimization must be performed by taking into account the physical constraint
on the energy sources (limited time constant, maximum temperature, maximum
voltage, maximum current, aso). Several methods may be used to optimize the
cost function: for example, predictive control [40, 42], optimal control [43, 44], and
even fuzzy logic may be used for a complex control similar to the calculation of an
optimal torque between the thermal engine and the electrical motor [39].
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11.6.1
Power Management of Fuel Cell Vehicles

11.6.1.1 Problem Statement
The fuel cell vehicle that is considered in this study has the same characteristics
as the Volkswagen Bora HY Power [45] developed by the Paul Scherrer Institut.
The electric system of the vehicle consists of two electric sources (fuel cell and
supercapacitors) and of two DC/DC converters connected to a load via a DC
link (Figure 11.38). The first converter is a simple boost; the second is a bidi-
rectional converter which functions, in the boost mode when the supercapacitors
provide electrical energy to the load, and in buck mode when DC link charges
supercapacitors.

The fuel cell system has a power of 48 kW. It is built with two parallel blocks;
each block contains three stacks connected in series. Each stack has a power of
8 kW delivered by 125 cells.

The supercapacitor pack must guarantee a maximum power of 50 kW during
15 s. The pack consists of two parallel blocks of supercapacitors; each block contains
141 supercapacitors of 1500 F assembled in series. The DC link voltage must be
regulated at 400 V.

The objective of the power management in a fuel cell vehicle is to minimize the
electrical energy provided by the fuel cell to the load during a driving cycle.

The fuel cell power PFC is limited. The role of the supercapacitors is to provide the
power difference (PScap = PLoad − PFC). The supercapacitors take part during the
load power peaks (acceleration of the vehicle) and in the recuperation of the energy
coming from the load (braking). The state of charge of the supercapacitors must
be brought back to a reference value at the end of each driving cycle. The optimal
control was adopted for the study of the power management in the fuel cell vehicle.

11.6.1.2 Fuel Cell Modeling
The fuel cell voltage can be expressed by the Eq. (11.61):

Ucell = E − IcellRcell−A ln
(
aIcell + b

)
(11.61)

where Icell is the cell current and Rcell is the series resistance of the cell. RcellI
2
cell

represents the ohmic losses. a and b are two constants. By considering the
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Load

=

=

=

=

Stage 2: Bidirectional DC/DC converter

DC link
PFc

PScap

PLoad

Figure 11.38 Vehicle electric system.



422 11 Supercapacitor Module Sizing and Heat Management

Table 11.3 Fuel cell parameters.

Constant Value

E (V) 1.2
Rcell (�) 0.002
A (V) 0.06
a (A−1) 21.273
b 96.297

characteristic voltage-current of a proton exchange membrane fuel cell (PEMFC)
[45], Rcell, a and b can be used to perform calculations (Table 11.3).

The total voltage provided by the PEMFC stacks is

UFC = 375Ucell = 375
[

E − 1

2
IFCRcell−A ln

(
1

2
aIFC + b

)]
(11.62)

where IFC is the stack current.

11.6.1.3 Supercapacitors Modeling
The supercapacitors are represented by a simple electric circuit (Figure 11.39)

where CScap = 21.27 F and RScap = 92 m�.
Let QScap be the charge quantity of the supercapacitor pack

QScap = CScapUs (11.63)

The supercapacitor pack current is given by

dQScap

dt
= −IScap (11.64)

Its voltage is given by

UScap = Us + RScap IScap (11.65)

11.6.2
The Power Management of a Fuel Cell Vehicle by Optimal Control

The optimal control theory governs the control strategies to minimize a cost
function while a dynamic system state moves. The optimal control is a static
prolongation of optimization (e.g., to find the control parameters that define

RScap

Vs

IScap

UScap CScap

Figure 11.39 Equivalent circuit of the supercapacitor pack.
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maximum or minimum ordinary of the algebraic functions). The general problem
is to find control histories u(t), which force the state variables of a system x(t) to
follow the optimal trajectory by minimizing a cost function [46].

11.6.2.1 Optimal Control without Constraint
The optimal control strategies for a dynamic system ‘‘ẋ = F(t,x,u)’’ suppose that
the initial state x(t0) is known with precision. The optimal control u*(t), t0 ≤ t ≤
tf must minimize a cost function J. The cost function considered here consists of
two parts, a scalar algebraic function qf of the final state and final time, and a scalar
integral function of the state and control.

J =
∫ tf

t0

l [s, x (s) , u (s)] ds + qf

[
tf, x

(
tf

)]
(11.66)

11.6.2.2 The Hamilton–Jacobi–Bellman Equation
Consider the minimization of the cost function J during the interval ‘‘[t0 , tf]’’ where
the control is unbounded. Having found the optimal control u(t) = u*(t), t0 ≤ t ≤
tf, the minimized function could be expressed as

U (t, x) = min
u(s)

t≤s≤tf

∫ tf

t0

l [s, x (s) , u (s)] ds + qf

[
tf, x

(
tf

)]
(11.67)

with the condition at final time U[tf, x(tf)] = qf[tf, x(tf)].
The equation of Hamilton–Jacobi–Bellman is given by Stengel [46] and Hisham

[47]:

−∂U (t, x)

∂t
= min

u

[
l (t, x, u) + ∂U

∂x
F (t, x, u)

]
(11.68)

For a problem affine-quadratic in u:{
ẋ = F (t, x, u) = f (t, x) + g (t, x) u

l (t, x, u) = L (t, x) + uTR (t, x) u
, with R = RT > 0

Using a stationary condition, the optimal control u*(t), t0 ≤ t ≤ tf can be expressed
as

�u

{
l
(
t, x, u∗) + ∂U

∂x
F
(
t, x, u∗)} = 0 (11.69)

This condition leads to the following explicit form:

u∗ (t, x) = −1

2
R(t, x)−1g(t, x)T ∂U(t, x)T

∂x
(11.70)

The Hamilton–Jacobi–Bellman equation can be written in the form:

−∂U (t, x)

∂t
= L (t, x) − 1

4

∂U (t, x)

∂x
g (t, x) R(t, x)−1g(t, x)T ∂U(t, x)T

∂x

+ ∂U (t, x)

∂x
f (t, x) (11.71)
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With the condition at final time

U
[
tf, x

(
tf

)] = qf

[
tf, x

(
tf

)]
To apply the optimal control to the system considered, it is written in the form:{

ẋ = F (t, x, u) = f (t, x) + g (t, x) u

l (t, x, u) = L (t, x) + uTR (t, x) u
, with R = RT > 0

with

PFC = PLoad − PScap (11.72)

The supercapacitor pack power is given by

PScap = UScap × IScap = QScap

CScap
IScap − RScapIScap

2 (11.73)

The fuel cell power is given by

PFC = PLoad − QScap

CScap
IScap + RScapIScap

2 (11.74)

The energy provided by the fuel cell pack during the time interval [t0, tf]:

EnergyFC =
∫ tf

t0

(
PLoad − QScap

CScap
IScap + RScapIScap

2

)
ds (11.75)

It follows that

x = QScap

xref = QScapref = 21.27∗360 = 8660 [C]

u = IScap − QScap

2RScapCScap

l (x, u, t) = PFC

and

qf

[
tf, x

(
tf

)] = [
x
(
tf

) − xref

]2

The objective is to find the reference current trajectory of the supercapacitors,
which will minimize the energy provided by the fuel cell required by the load.



ẋ = −u − 1
2 RScapCScap

x

l(t, u, x) = PLoad − 1
4RScapC2

Scap
x2 + RScapu2

qf[tf, x(tf)] = [
x
(
tf

) − xref

]2

, with t0 ≤ t ≤ tf
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With PLoad considered as a known function of time, the Hamilton–Jacobi–Bellman
equation can be written as

−∂U (t, x)

∂t
= PLoad − 1

4RScapCScap
2 x2

− 1

4RScap

(
∂U (t, x)

∂x

)2

− x

2RScapCScap

∂U (t, x)

∂x
(11.76)

At the final time,

U
[
tf, x

(
tf

)] = [
x
(
tf

) − xref

]2

The solution of the partial derivative equation (Eq. (11.76)) can be written as a
polynomial function of x with coefficients depending on time as

Ua (t, x) = a0 (t) + a1 (t) x + a2 (t) x2 (11.77)

The first derivative of Ua with respect to time is

∂Ua (t, x)

∂t
= ȧ0 (t) + ȧ1 (t) x + ȧ2 (t) x2 (11.78)

and of Ua with respect to x is

∂Ua (t, x)

∂x
= a1 (t) + 2a2 (t) x (11.79)

Then, the square derivative of Ua with respect to x becomes[
∂Ua (t, x)

∂x

]2

= a2
1 (t) + 4a2

2 (t) x2 + 4a2 (t) x (11.80)

Substituting Eqs. (11.77–11.79) in Eq. (11.76) and by identification, it results in


ȧ0(t) = −PLoad + 1
4RScap

a2
1(t) (i)

ȧ1(t) = 1
2RScapCScap

a1(t) + 1
RScap

a2(t) (ii)

ȧ2(t) = 1
4RScapC2

Scap
+ 1

RScapCScap
a2(t) + 1

RScap
a2

2(t) (iii)

(11.81)

To solve the system of differential equations (Eq. (11.81)), we first solve the
equation given by Eq. (11.81(iii)), and to finish the solution is given by resolving
Eq. (11.81(i)):

a2 (t) = RScap

−t + K2RScap
− 1

2CScap
(11.82)

a1 (t) = K1

−t + K2RScap
(11.83)

a0 (t) = −
∫ t

0
PLoad (s) ds + K2

1

4RScap

1

−t + K2RScap
+ K0 (11.84)

where K0, K1, and K3 are real constants to be determined.
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However, we have

Ua

[
tf, x

(
tf

)] = a0

(
tf

) + a1

(
tf

)
x
(
tf

) + a2

(
tf

)
x
(
tf

)2 = [
x
(
tf

) − xref

]2

(11.85)

By identification, we obtain


a2(tf) = 1

a1(tf) = −2xref

a0(tf) = x2
ref

The real K0, K1, and K3 constants are expressed as


K2 = 2CScap

2CScap+1 + tf
RScap

K1 = −4 RScapCScap

2CScap+1 xref

K0 = 1
2CScap+1 x2

ref +
∫ tf

0
PLoad (s) ds

As the optimal cost is given by

Ua(t, x) =
∫ tf

t
PLoad (s) ds + x2

ref

(−t + tf

) + 2RScapCScap(−t + tf

) (
2CScap + 1

)
+ 2RScapCScap

− 4RScapCScapxref

2CScapRScap + (
tf − t

) (
2CScap + 1

)x

+

 RScap

(
2CScap + 1

)
2CScapRScap + (

tf − t
) (

2CScap + 1
) − 1

2CScap


 x2 (11.86)

The optimal control is given by

u∗ (t, x) = − 1

2RScap

∂Ua (t, x)

∂x
(11.87)

Then

u∗ (t, x) =
−2xrefCScap +

(
2CScap + 1

)
x

−
(

2CScap + 1
) (

t − tf

) + 2RScapCScap

− x

2RScapCScap
(11.88)

The reference current trajectory of the supercapacitors pack is given by

I∗
Scap

(
t, QScap

)
= u∗

(
t, QScap

)
+ QScap

2RScapCScap
(11.89)

A simple computation with t ≤ tf leads to

IScap

(
t, QScap

)
= I∗

Scap

(
t, QScap

)
=

−2QScaprefCScap +
(

2CScap + 1
)

QScap

−
(

2CScap + 1
) (

t − tf

) + 2RScap CScap

(11.90)
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11.6.3
Optimal Control with Inequality Constraints on the Fuel Cell Power and on the Fuel
Cell Power Rate

11.6.3.1 Constraints on the Fuel Cell Power
In practice, the state and control variables of all control problems are bounded by
physical consideration. For fuel cell, the power is limited

PFCmin ≤ PFC ≤ PFCmax (11.91)

Substituting Eq. (11.74) in Eq. (11.91), it results in

PFCmin
≤ PLoad − 1

CScap
QScapIScap + RScapIScap ≤ Pe1max

(11.92)

Therefore, if the supercapacitor current, which is expressed by the Eq. (11.90),
verifies the inequality (Eq. (11.92)), it will constitute an optimal supercapacitor pack
current trajectory

IScap = I∗
Scapwc

=
−2QScaprefCScap +

(
2CScap + 1

)
QScap

−
(

2CScap + 1
) (

t − tf

) + 2RScap CScap

(11.93)

However, if PLoad − 1
CScap

QScap I∗
Scap + RScapI∗

Scap
2 ≥ PFCmax

, PFC will be fixed to
PFCmax

and we compute the new IScap

IScap = I∗
Scapwc

=
QScap

CScap
−

√(
QScap

CScap

)2
− 4

(
PLoad − PFCmax

)
RScap

2RScap
(11.94)

And, if PLoad − 1
CScap

QScap I∗
Scap + RScapI∗

Scap
2 ≤ PFCmin

, PFC will be fixed to PFCmin

and we compute the new IScap

IScap = I∗
Scapwc

=
QScap

CScap
−

√(
QScap

CScap

)2
− 4

(
PLoad − PFCmin

)
RScap

2RScap
(11.95)

11.6.3.2 Constraints on the Fuel Cell Power Rate
The response time of the fuel cell is large compared to other energy sources.
Consequently, it will not support important power (accelerations) during a long
time. The PEMFC power variation is limited, as shown in Eq. (11.96).

dPFC

dt
≤ cwc (11.96)



428 11 Supercapacitor Module Sizing and Heat Management

Taking into account this inequality, the optimal supercapacitor pack current
trajectory becomes

IScap = I∗
Scapwcf

=




QScap
CScap

−
√(

QScap
CScap

)2

−4(PLoad−PFClim)RScap

2 RScap

if
d
(

PLoad− 1
CScap

QScap I∗
Scapwc

+RScapI∗
Scapwc

2
)

dt > cwc

I∗
Scapwc

if
d
(

PLoad− 1
CScap

QScap I∗
Scapwc

+RScapI∗
Scapwc

2
)

dt ≤ cwc

(11.97)

where PFClim is computed from dPFC
dt = cwc.

Finally, the power management in the fuel cell vehicle by optimal control with
constraints on the fuel cell power and on its rate can be expressed as



Q̇Scap = −I∗
Scapf

UScap = 1
CScap

QScap − RScapI∗
Scapf

PScap = UScapI∗
Scapf

PFC = PLoad − PScap

(11.98)

To simulate this system, the European speed cycle new european driving cycle
(NEDC) is considered (Figure 11.40).

The load power profile PLoad is calculated from a mechanic characteristic of a
fuel cell vehicle (Figure 11.41).

The simulation parameters are given by Table 11.4.
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Figure 11.40 European speed cycle NEDC.
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Figure 11.41 Power profile of fuel cell vehicle corresponding to the European speed cycle
NEDC.

Table 11.4 Simulation parameters.

Constants Value

PFCmin
(kW) 1.2

PFCmax (kW) 40
tf (s) 1200
cwc (W s−1) 500

The supercapacitor pack power, fuel cell power, and load power are mentioned
in Figure 11.42.

We notice that the fuel cell power does not exceed the value PFCmax
and its rate

does not exceed the value cwc.
The supercapacitor pack voltage is shown in Figure 11.43.
It can be seen that the supercapacitor pack voltage at (t = 1200 s) is stabilized at

355.5 V corresponding to the charge quantity reference.

11.6.4
Power Management of Fuel Cell Vehicle by Optimal Control Associated to Sliding
Mode Control

The power management in a fuel cell vehicle discussed in the last section permits
to calculate the reference supercapacitor pack current trajectory; this current is
regulated by the bidirectional DC/DC converter. The DC link voltage is regulated
by the unidirectional DC/DC converter (Figure 11.44)

In Figure 11.44, the control signals of the transistors T1, T2, and T3 are
respectively u1, u2, and u3. The regulation of the DC link voltage is realized by the
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Figure 11.42 The supercapacitor pack power, fuel cell power, and load power.
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Figure 11.43 Variation of the supercapacitor pack voltage according to the time during the
NEDC profile.

u1 control signal. When the second converter (connected to the supercapacitors)
functions in boost mode, the control signal u2 is on and the control signal u3 is off.
When it functions in buck mode, the control signal u2 is off and the control signal
u3 is on. These converters are nonlinear; it requires a robust control and rapid
transient response. The control must be adapted to the variable structure systems
and stable to the load current fluctuation. These advantages can be gathered in
the control by sliding mode. Indeed, sliding mode control (see, for instance, [48])
makes it possible for state variables of the system to follow a desired trajectory.
In this case, the control is performed using the sliding mode. This is expressed
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Figure 11.44 The fuel cell vehicle converter.

according to the state variables and their equilibrium values. According to the sign
of the sliding surface σ , the control signal uc commutates between two values ucmax

and ucmin
.

uc =
{

ucmax
if σ < 0

ucmin
if σ > 0

(11.99)

In order to use the sliding mode control, we first define the sliding surfaces for
each converter. The first sliding surface is related to the boost converter connected
to the fuel cell, is expressed as [49–51].

σ1 = k1

(
UDCe

− UDC

) + k2

(
IFCfe

− IFCf

)
+ k3

∫ (
UDCe

− UDC

)
dt (11.100)

k1, k2, and k3 are constant and are determined to optimize the regulation of the DC
link voltage. The current IFCfe

is given by

IFCfe
=

[
ILoadUDCe

−
(

1
CScap

QScap − RScapI∗
Scapf

)
I∗

Scapf

]
UFC

(11.101)

The second sliding surface is related to the bidirectional converter when it functions
in boost mode (I*Scap ≥ 0). This sliding mode surface (σ 2) depends on the
supercapacitor current. It is given by the following expression:

σ2 = I∗
Scapf

− IScap (11.102)

The third sliding surface is related to the bidirectional converter when it functions
in buck mode (I*Scap < 0).

σ3 = −I∗
Scapf

+ IScap (11.103)
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For reasons of security of switches, the control signal’s frequency is fixed to f = 15
kHz. The duty cycle of u1 is given by

u1DC =
{

0.9 si σ1 < 0

0.1 si σ1 > 0
(11.104)

The duty cycle of u2 is given by

u2DC =
{

0.9 si σ2 < 0

0.1 si σ2 > 0
(11.105)

The duty cycle of u3 is given by

u3DC =
{

0.9 si σ3 < 0

0.1 si σ3 > 0
(11.106)

This part consists in simulating the power management of the fuel cell vehicle
by optimal control associated with sliding mode control in MATLAB/SIMULINK.
The parameters of the studied converters are given in Table 11.5.

For this simulation, just a portion of the European speed cycle NEDC was
considered (Figure 11.45).

The load current profile corresponding to the European speed cycle NEDC, the
fuel cell current, and the supercapacitors pack current are given in Figure 11.46.

Table 11.5 Converter parameters.

Parameter Intituled Value Unit

L Inductance 3.3 mH
Cf Capacitance 1.66 mF
Cp Capacitance 1 mF
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Figure 11.45 Portion of European speed cycle NEDC.
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Figure 11.46 Load current profile, fuel cell current, and supercapacitor current.
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Figure 11.47 DC link voltage, fuel cell voltage, and supercapacitor pack voltage.

The regulated DC link voltage, fuel cell voltage, and supercapacitors pack voltage
are given in Figure 11.47.

11.6.5
Conclusion

An optimal control of the power management in the fuel cell vehicle coupled to the
sliding mode is established. The optimal control allows calculating the reference
power of the supercapacitors, which minimizes the energy provided by the fuel
cell, starting from the power demanded by the load (motorization and auxiliaries).
The reference supercapacitor pack current trajectory is regulated by the sliding
mode control via the bidirectional DC/DC converter. This control method takes
into account the constraints imposed on the system. These constraints relate to the
limitation of the power of the fuel cell and its dynamic response.
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(2006) An in situ Raman study of the
intercalation of supercapacitor-type elec-
trolyte into microcrystalline graphite.
Electrochim. Acta, 52, 675–680.

33. Hahn, M., Barbieri, O., Gallay, R., and
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tion d’énergie pour un système hybride:
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12
Testing of Electrochemical Capacitors
Andrew Burke

12.1
Introduction

This chapter is concerned with testing large prototype and commercial electro-
chemical capacitor devices intended for various industrial and vehicle applications.
Testing of these devices is usually done using DC test procedures similar to those
used to test batteries. Much of the testing of materials and small laboratory de-
vices has involved the application of cyclic voltammetry and AC impedance test
approaches. These approaches, in most cases, utilize small currents and limited
voltage ranges and/or AC frequencies and are intended primarily to determine
the electrochemical characteristics of the materials and electrodes used in the
capacitors. The initial section of the chapter discusses in some detail the DC test
procedures as they are applied to testing electrochemical capacitors. Later sections
in turn consider the testing of carbon/carbon and hybrid (asymmetric) devices
and the relationship between the AC impedance and DC testing. Typical data
for the capacitance, resistance, energy density, power capability, and cycle life of
various types of devices are presented. Uncertainties in the interpretation of the
test results are discussed, especially in the comparison of the power capabilities of
electrochemical capacitors and high-power lithium batteries.

12.2
Summaries of DC Test Procedures

There are similarities and differences in the test procedures for electrochemical
capacitors and high-power batteries. It is customary to perform constant current
and constant power tests of both types of devices. From the constant current
tests, the charge capacity (capacitance (F) and Ah) and resistance of the devices
are determined. From the constant power tests, the energy storage characteristics
(Wh kg−1 vs W kg−1 – the Ragone curve) are determined. The currents and powers
to be used in the testing are selected such that the charge and discharge times
are compatible with the capabilities of the devices being tested. In the case of the

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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Table 12.1 Performance characteristics of electrochemical capacitors.

1 Energy density (Wh kg−1 vs W kg−1)
2 Cell voltage (V) and capacitance (F)
3 Series and parallel resistance (� and � cm−2)
4 Power density (W kg−1) for a charge/discharge at 95% efficiency
5 Temperature dependence of resistance and capacitance especially at low

temperatures (−20 ◦C and lower)
6 Cycle life for full discharge
7 Self-discharge at various voltages and temperatures
8 Calendar life (h) at fixed voltage and high temperature (40–60 ◦C)

Table 12.2 Testing of electrochemical capacitors.

1 Constant current charge/discharge
Capacitance and resistance for discharge times of 60 to 5 s.

2 Pulse tests to determine resistance
3 Constant power charge/discharge

Determine the Ragone curve for power densities between 100 and at least 1000 W kg−1

for the voltage between V rated and 1/2V rated.
Test at increasing W kg−1 until discharge time is less than 5 s. The charging is often
done at constant current with a charge time of at least 30 s.

4 Sequential charge/discharge step cycling
Testing done using the PSFUDS (pulsed simple Fedral Urban Driving Schedule) test
cycle with the maximum power step being 500–1500 W kg−1.
From the data, the round-trip efficiency for charge/discharge is determined.

5 Tests modules with at least 15–20 cells in series

capacitors, the test discharge times are usually in the range of 5–60 s and for the
batteries several minutes to a significant fraction of an hour even for high-power
batteries. The differences in the recharge times for the devices are also large. For
example, the capacitors can be fully charged in 5–10 s without difficulty, but the
high-power batteries require a minimum of 10–20 min for a complete charge even
when the initial charge current is set at a maximum value. In addition to the
constant current and constant power tests, the capacitors and batteries are tested
using charge/discharge pulses of 5–15 s. For these tests, the current and power
levels for the capacitors and high-power batteries are comparable (on a normalized
basis). Test cycles [1, 2] consisting of a sequence of charge and discharge pulses
(power density for a specified time) meant to simulate how the devices would be
used in particular applications are used to test both capacitors and batteries. The
tests to be performed on capacitors and batteries are summarized in Tables 12.1
and 12.2.

These general test procedures have been applied in different ways by various
groups around the world to meet their special needs. It is of interest to look at
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these different testing approaches in some detail. In particular, the test procedures
utilized by the USABC (United States Advanced Battery Consortium), IEC (In-
ternational Electrochemical Commission), and UC Davis (University of California
Davis) are discussed and data obtained by each group presented.

12.2.1
USABC Test Procedures

The USABC is a consortium of the Big Three US auto companies – Ford, Chrysler,
and General Motors – that work in conjunction with the United States Depart-
ment of Energy (DOE) to develop and test advanced batteries and ultracapacitors
for vehicle applications. The DOE test procedures for ultracapacitors were first
presented in 1994 in Ref. [1] and later issued as USABC/DOE test procedures in
Ref. [2]. The initial test procedures were developed as a means of characterizing
evolving ultracapacitor devices with little attention given to specific automotive
applications. The later USABC test procedures were written with hybrid-electric
vehicle applications in mind and thus were intended to show whether a partic-
ular ultracapacitor technology could meet the USABC design requirements for
start-stop and power-assist hybrid vehicles. For this reason, the test procedures
are not specified in terms easily interpreted for general characterization testing of
devices, but, nevertheless, they do result in a body of data from which the complete
characteristics of devices can be determined.

The USABC test manual [2] is a complete set of test procedures for all the types
of tests listed in Table 12.2. The manual specifies a series of constant current and
constant power tests to characterize the ultracapacitors, but the tests are specified
in terms more appropriate for batteries than ultracapacitors. By that is meant
that the discharge rates are given as nC-based on an effective Ah rating, where
Ah = Cdev (Vmax − Vmin)/3600. The rated capacitance Cdev is measured at the 5 C
rate, which for a capacitor is a very low rate (12 min discharge). In general, the
USABC constant current and constant power testing is concentrated at relatively
low rates for capacitors and does not extend to the limits of device performance in
terms of discharge times. However, capacitance and resistance values for devices
can be calculated from the USABC test data. The USABC test procedures also
specify in detail self-discharge and cycle life tests.

As noted previously, the USABC test procedures are intended to evaluate
ultracapacitors for hybrid vehicle applications. For this reason, the test procedures
specify a series of pulse test cycles that are quite demanding. The energy efficiency
and life cycle tests are performed at 100 C currents with depths of discharge of 10%
(UC10) and 50% (UC50) in discharge pulses of 4 and 8 s. The USABC also has a
high rate pulse characterization test that systematically discharges the capacitor by
a sequence of discharge/charge pulses. The intent of these tests is to determine
the resistance of a device as a function of state of charge (SOC) and the round-trip
efficiency for the charge/discharge cycles. Data taken at UC Davis using the USABC
pulse characterization test procedures are shown in Figure 12.1.
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Figure 12.1 USABC pulse characterization test of a 46 V (14 cells in series) module.

12.2.2
IEC Test Procedures

The IEC has developed a test procedure [3, 4] for determining the capacitance C
and resistance R of electrochemical capacitors. These procedures do seem to be
applications oriented and are intended to yield the characteristics of specific devices.
Recently, the IEC has tasked a committee with representatives from Europe, Asia,
and the United States to update their test procedures to include vehicle applications.
The objective of the IEC activity was quite limited in that it specified a single test
intended to determine the performance of the capacitor at a single current – that
at which the efficiency in charge and discharge was 95%. It was assumed that the
capacitors to be tested behave as ideal double-layer capacitors with constant C and
R. The resultant relationships for the test current are the following:

Icharge = V0

38R
, Idischarge = V0

40R
, V0 = rated voltage of the device

The energy and power are to be calculated from the following idealized equations:

Energy E = 1

2
CV0

2, Power P = V0
2

4R

The capacitance is calculated from the measured energy between specified voltage
limits (0.9 V0 and 0.7 V0) as follows:

C = 2Emeas./[(0.9 V0)2[(0.7 V0)2]

The resistance R is calculated from the voltage drop at the initiation of the discharge
at Idischarge assuming that the voltage versus time trace is linear with time. The IEC
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Table 12.3 Application of the IEC test procedure to various ultracapacitor devices.

Capacitance (F)
IEC
(1)

Capacitance (F)
Full V

(2)

Efficiency

(3)(4)

Efficiency

(3)(5)

R
(mΩ)

(4)

R (mΩ)
meas

(5)

Average
current (A)

LS Cable 3045 3071 83.5/0.91 85/0.92 0.37 0.44 194

MaxWell 3202 3168 88.4/0.94 89.2/0.94 0.44 0.45 157

Ness 3254 3285 86.9/0.92 88.6/0.93 0.47 0.45 147

Ness-term conn 3253 3266 85/0.92 87/0.93 0.28 0.275 245

JSR 2070 1900 89.1/0.94 89.5/0.95 2.6 2.7 37

(1) Capacitance from 0.9 Vmax to 0.7 Vmax (2.43 to 1.89 V). For JSR from 3.48 to 2.84.
(2) Full V means discharge from V rated to 1.35 V .
(3) x/y − x = round trip effic., y = charge or discharge effic. = sq root (round-trip effic.)
(4) Assumed resistance
(5) Measured resistance

procedure specifies the rest periods at the end of charge and discharge as 300 s. The
charge and discharge are performed between V0 and V0/2. The energy efficiency
for the charge/discharge cycle is calculated from the voltage and current data and
compared with the requirement of 90% (95% for each of the charge/discharge
steps).

The IEC test procedure is quite limited in scope, but as shown in Table 12.3, it
appears to be a useful approach for characterizing devices if an accurate estimate
of their resistance is known. Otherwise, an initial test is needed to measure the
resistance.

12.2.3
UC Davis Test Procedures

Most of the data presented in this chapter have been obtained using test procedures
utilized in the Hybrid Vehicle Power Systems Laboratory at UC Davis. These
procedures are based primarily on those presented in Ref. [1] and are, therefore,
well suited for the evaluation of the performance of devices of all sizes and
states of development including commercial devices and those intended for use
in hybrid-electric vehicles. The intent of the testing at UC Davis is summarized
in Table 12.1 and the series of tests performed on the devices are summarized in
Table 12.2.

The test conditions for a particular device are set on the basis of its ca-
pacitance, resistance, and weight. These values are provided initially by the
developer/manufacturer of the devices to be tested. The general philosophy of
the testing is to test the devices to their limit of performance in terms of currents
(A) and power (W) consistent with the voltage and temperature limits set by the
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manufacturer. The testing includes constant current and constant power charge
and discharge tests as well as pulse current and pulse cycle testing. A summary
of recent test results [5–7] for various devices tested at UC Davis is given in
Table 12.4.

12.3
Application of the Test Procedures to Carbon/Carbon Devices

In this section, the various test procedures discussed in the previous section
are applied to carbon/carbon capacitors to determine their capacitance, resis-
tance, energy density, and power capability. These devices use activated carbon
in both electrodes and in nearly all cases, an organic electrolyte. The dominant
energy storage mechanism in these devices is charge separation (double-layer
capacitance).

12.3.1
Capacitance

The capacitance of a device can be determined directly from constant current
discharge data. A typical V versus time trace for a carbon/carbon double-layer
capacitor is shown in Figure 12.2. By definition,

C = I

dV/dt
or C = I

(
t2 − t1

V1 − V2

)

where subscripts 1 and 2 refer to two times during the discharge.
As the voltage trace is not exactly linear, the value of C calculated depends

to some extent on the values of V1 and V2 used. As noted previously, the IEC
procedure specifies that V1 = 0.9 V0 and V2 = 0.7 V0. Other choices for voltage
range that have been used are V0 to V0/2 and V0 to 0. When V0 is used, it is
important to include the IR drop in the determination of the effective V1 value.
As shown in Table 12.5, the differences in the calculated capacitance C are not
large for the various selected voltage ranges. The results in Table 12.5 indicate that
the determination of the capacitance of devices is relatively insensitive to the test
procedure.

12.3.2
Resistance

The resistance of a capacitor or battery can be determined using one of the several
methods.

• IR drop at the initiation of a constant current discharge
• Current pulses (5–30 s) at specified states of charge
• Voltage recovery at the interruption of a discharge or charge current
• Measurement of the AC impedance at 1 kHz.
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Figure 12.2 Voltage-time trace for a carbon/carbon ultracapacitor.

Table 12.5 Effect of voltage range and test current on the measured capacitance using the
UC Davis and IEC test procedures.

V0 to 0 V V0 to V0/2

Device/developer
3000 F/Maxwell 100 A 2880 F 200 A 2893 F 100 A 3160 F 200 A 3223 F
3000 F/Nesscap 50 A 3190 F 200 A 3149 F 50 A 3214 F 200 A 3238 F
450 F/APowerCap 20 A 450 F 40 A 453 F 20 A 466 F 40 A 469 F

3.8 to 2.2 V — 3.8 to 2.6 V —
2000 F/JSR Micro 80 A 1897 F 200 A 1817 F 80 A 1941 F 200 A 1938 F

Device Capacitance (F)
IEC 0.9 V0 to 0.7 V0 V0 to 0

LS Cable 3045 3071
Maxwell 3202 3166
Ness 3254 3285
JSR 2070 1900 (3.8 to 2.2 V)

The method specified by both the IEC and the USABC test procedures as well as
that used routinely at UC Davis involves analysis of the IR drop and voltage variation
at the initiation of a constant current discharge. Determination of the resistance
of the capacitor is complicated by the fact that the voltage decreases because of
both the resistance and capacitance of the device. In addition, owing to the porous
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Solution of the partial differential equations for the electron current in the solid carbon
and the ion current in the electrolyte through the porous electrode.The voltage and
currents are a function of x (position in electrode) and time. The solution for V is
the following:

V = V0 – I×t /Ccell − I × Rss {1 – (4/π2 (2/3 + Lsep / Lelectrode)) × A(t ′)}
∞

where A(t ′) = ∑ 1/n2 e–n2t ′ , A(t ′ = ∞) = 0
n = 0 

t ′ = t /t , t = 3/π2 Rss Ccell

* Assumes capacitance per unit volume and conductivities are constant.

Rss = 2/3 × Lelectrode × effective resistivity of electrolyte + contact resistance

R(t = 0) = contact resistance + 2Lelectrode / Ax (scarbon + selectrolyte ) + Lsep /Ax selectrolyte ),
R0 = 2L/Ax scarbon

*

Figure 12.3 Transient solution for the resistance of an ultracapacitor cell [8, 9].

character of the electrode, the resistance of the capacitor varies with time until the
current distribution in the electrodes is fully established. This problem has been
analyzed mathematically [8, 9]. The results of the analysis are shown in Figure 12.3,
which indicates that the steady-state resistance R is not approached until several
RC time constants into the discharge. The initial value of the resistance R0 can be
as low as 1/2 the steady-state value.

As shown in Figure 12.4, the voltage–time trace does not become linear imme-
diately at the initiation of the discharge, meaning that the use of the initial IR drop
to calculate the cell resistance results in a value of R significantly less than the
steady-state value, which is the desired quantity. A good estimate of the steady-state
resistance can be obtained by extrapolating the linear portion of the voltage–time
trace back to t = 0 and utilizing that IR drop value to calculate R.

For many applications of ultracapacitors, it is the steady-state resistance that
is the resistance most relevant for the calculation of power capability/electrical
losses/heating and not the R0 value, which is smaller. It is important to define what
resistance value is being reported. The dependence of resistance on discharge time
at the initiation of a discharge is shown in Figure 12.5.

Another reliable method of determining the DC resistance of a capacitor is the
current pulse method in which a short pulse (5–10 s) is applied to the device.
In fact, for batteries, this is probably the only reliable method to determine the
resistance using most battery testers. The pulse can be either a discharge or a
charge pulse. The effective resistance (R = �V/I) can vary with time through the
pulse depending on the response time of the tester and/or mechanisms occurring
in the device. It is, of course, greatly preferred if the former is negligible and
only the latter is important. Unfortunately, this is often not the case. As shown in
Figure 12.6, for a 1600 F device, the pulse tests show clearly the change in resistance
from R0 to Rss.
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Figure 12.4 Method for determining the steady-state resistance by extrapolating the voltage
trace to t = 0 (APowerCap 450 F cell).

The resistance of a capacitor or battery can also be inferred from the recovery
of the voltage at the end of a current pulse when the current is removed (I = 0).
Some researchers [10] prefer this method rather than that involving the initiation
of the pulse because the current is zero and the effect of the capacitance of the
device on the voltage is not present. However, there is the effect of the charge
redistribution in the device with time at I = 0, and this effect on the voltage
is both significant and not well understood. As a result, there is an uncertainty
as to the time after the setting of I = 0 at which the voltage should be read
and R calculated from �V/I. This effect is illustrated in Figure 12.7. Comparing
Figures 12.6 and 12.7 indicates that the current initiation and interruption methods
yield the same value of resistance for the R0 and Rss. The voltage recovery time
seems to be relatively short – being about equal to the RC time constant of
the device tested. Additional comparisons of the steady-state resistances obtained
using the two approaches are shown in Tables 12.6 and 12.7 for two capacitors.
Clearly, either method can be used to measure the resistance of electrochemical
capacitors, but the current interruption method is easier to implement in most
cases.
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Figure 12.5 Change of resistance with
time at the initiation of a discharge of an
electrochemical capacitor [8].

Table 12.6 Resistance of the 1600 F Skeleton Technologies capacitor using the current initia-
tion and interrupt methods.

Current (A) Voltage at
interrupt

Resistance at current
initiation at 2.7 V (mΩ)

Resistance at current
interrupt (mΩ)

60 2.3 1.2 1.3
1.3 — 1.3

100 2.3 1.35 1.4
1.3 — 1.2

150 2.3 1.38 1.3
1.3 — 1.2

For ultracapacitors, it is common for manufacturers to list the resistance mea-
sured with an AC impedance meter at 1 kHz. This value of resistance is always
significantly lower than the DC value often by about a factor of 2. The power
capability of devices should not be calculated using the AC impedance value of the
resistance.
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12.3.3
Energy Density

The total energy stored in a carbon/carbon capacitor can be calculated from the
relationship E = 1/2 CV0

2. If the voltage of the capacitor is restricted to the range
V0 to V0 /2, only 75% of the stored energy can be used. Hence, the usable energy
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Table 12.7 Resistance of the Maxwell 2800 F capacitor using the current initiation and inter-
rupt methods.

Current (A) Voltage at
interrupt

Resistance at current
initiation at 2.7 V (mΩ)

Resistance at current
interrupt (mΩ)

200 2.3 0.36 0.4
1.3 — 0.4

300 2.3 0.37 0.37
1.3 — 0.37

400 2.3 0.4 0.35
1.3 — 0.375

density is given by

Wh kg−1 = 3

8
CV0

2/
(
device weight

)
This simple relationship is often used to calculate the energy density of ultraca-
pacitors. The most reliable approach to determining the energy stored in a device,
however, is to measure the Wh stored for a range of constant power densities
W kg−1. In general, tests should be made for power densities between 100 and
1000 W kg−1 or even higher for high-power devices. The plot of Wh kg−1 versus
W kg−1 is called the Ragone curve for the device. Typical data for a commercially
available 3000 F capacitor are shown in Table 12.8. Note that the energy density
gradually decreases with W kg−1. This is the case for all ultracapacitors. The value
of energy density quoted by the device manufacturer is often calculated from the
energy corresponding to 1/2 CV0

2 using the rated voltage and specified capacitance.
This value is too high as it is not the usable energy density and also it corresponds
to a low power density of 100 W kg−1 or lower. As shown in Table 12.8, the effective
capacitance Ceff of a device can decrease significantly with W kg−1 and often agrees
with the value claimed by the manufacturer only for relatively low-power densities.
Hence, combining the usable energy factor (0.75) and the effective capacitance
reduction factor (0.9 from Table 12.8), the simple calculation of energy density
from 1/2 CV0

2 can overestimate the energy density of a device by at least 1/3. As
shown in Table 12.9, for very high-power devices, the effective capacitance can
remain constant for power densities almost to 2000 W kg−1.

12.3.4
Power Capability

There is much confusion and unreliable information in the literature concerning
the power capability of electrochemical capacitors and batteries [11]. This confusion
stems to a large extent from the persistent use of the simple formula P = V0

2/4R to
calculate the maximum power capability of electrochemical devices. This formula
grossly overestimates the maximum power as it corresponds to the operation of
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Table 12.8 Test data for the 3000 F Nesscap cylindrical device.

Constant current discharge data 2.7 V to 0.

Current (A) Time (s) Capacitance Resistance (mΩ)

50 171 3190 —
100 84.3 3181 0.44 (1)
200 41.3 3157 0.42
300 27 3140 0.37
400 20 3150 0.40

Constant power discharge data 2.7 to 1.35 V

Power (W) W kg−1a Time (s) Wh Wh kg−1 Ceff

100 192 84.8 2.36 4.52 3107
200 383 41.8 2.32 4.44 3055
300 575 27.1 2.26 4.33 2976
400 766 19.7 2.19 4.20 2884
500 958 15.4 2.14 4.1 2818
700 1341 10.9 2.12 4.06 2792

aWeight of device 0.522 kg, dimensions of the device: 6 cm D, and 13.4 cm length Ceff = 2(W s)/0.75
(2.7)2.

the device at the matched impedance point at which half of the discharge energy is
electricity and half is in heat. The corresponding efficiency is 50%, which makes
that operating condition unusable for nearly all applications. It is more reasonable
to express the power capability of devices in terms of the pulse efficiency (EF). This
can be done using the following relationships for ultracapacitors and batteries:

Ultracapacitors : P = 9

16
(1 − EF)

V0
2

R

Batteries : P = EF (1 − EF)
Voc

2

R
These relationships are derived in Ref. [11]. They are for pulse power and not
constant power discharges. In the case of the ultracapacitor, the power pulse occurs
at a voltage of 3/4 V0 and is intended to remove only a relatively small fraction
of the energy stored in the device. The battery relationship can be applied at any
SOC by using the Voc and R for that SOC. Note that the powers from both the
matched impedance and efficiency EF relationships are proportional to V2/R. The
key parameters in determining the power capability are thus R and V0. High-power
devices necessarily must have low resistance. Hence, once the resistance of a
device is known, its power capability follows directly. It is unfortunate that device
manufacturers often do not provide information concerning the resistance of their
devices. This makes careful measurement of the resistance as discussed in the
previous section very important.
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Table 12.9 Test data for the Pouch packaged APowerCap device.

Constant current discharge data 2.7 V to 0.

Current (A) Time (s) Capacitance (F) Resistance (mΩ)

10 120.5 450 Not calculate
20 60.3 453 Not calculate
40 30 453 Not calculate
80 14.7 452 1.4

120 9.6 455 1.4
160 7.1 456 1.3

Constant power discharges data 2.7 to 1.35 V

Power (W) W kg−1a Time (s) Wh Wh kg−1 Ceff

12.5 219 95.5 0.332 5.82 437
22 385 54.9 0.336 5.89 442
41.5 728 28.8 0.332 5.82 437
80.5 1412 14.6 0.326 5.72 429

120 2105 9.1 0.303 5.31 399

aWeight of device –57 g as tested.
Ceff = 2 (W-s)/0.75 (2.7)2

For simple power pulses using capacitors, the ratio of the matched impedance to
the efficiency power is 4/9/(1 −EF). In the case of batteries, the ratio is 1/4/[EF(1
−EF)]. The ratios as functions of EF are given in Table 12.10. For ultracapacitors,
the pulse efficiency specified by the USABC and IEC is 95%, which results in
the usable maximum power being only about 1/10 the matched impedance power
(V2/4R). Hence for capacitors using the V2/4R formula to estimate the usable
maximum power does not yield a realistic value for most applications, especially
vehicle applications. Note that in Table 12.4 both the matched impedance and
EF = 95% power densities are presented for the various devices.

The USABC has a procedure [2, 12] for calculating the power capability of
ultracapacitors and batteries, which can be described as the min/max voltage
approach. A pulse is envisioned initiated at a voltage Vnom.OC and ending at Vmin

(discharge pulse) or Vmax (charge pulse). The equations for calculating the power
of the pulses are shown below.

• USABC method (batteries)

PABC = Vmin

(
Vnom.OC − Vmin

)
R

discharge
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Table 12.10 Ratio of the efficiency and the matched impedance powers.

Efficiency (EF) Ultracapacitor Batteries

0.5 1.0 1.0
0.6 0.9 0.96
0.7 0.68 0.84
0.8 0.45 0.64
0.9 0.22 0.36
0.95 0.11 0.19

PABC = Vmax

(
Vmax − Vnom.OC

)
R

charge

Vnom.OC is the open-circuit voltage at a mid-range SOC.
Vmin is the minimum voltage at which the battery is to be operated in discharge.
Vmax is the maximum voltage at which the battery is to be operated in charge

(regen).
R is the effective pulse resistance of the battery measured from a 10 s pulse.

• USABC method (ultracapacitors)

PABC = Vmin

(
Vnom.OC − Vmin

)
R

= 1/8 V2
rated

R
discharge

PABC = Vmax

(
Vmax − Vnom.OC

)
R

= 1/4 V2
rated

R
charge

Vnom.OC is the open-circuit voltage at a mid-range voltage (3/4 VR).
Vmin is the minimum discharge voltage for the cap (1/2 VR).
Vmax is the maximum regen voltage for the cap (VR).
R is the pulse resistance of the ultracapacitor.
The USABC method is applied to capacitors and batteries in the following tables

and the calculated maximum power compared with the value calculated using
the pulse efficiency method as a function of pulse efficiency EF.

• Ultracapacitor example

Vrated = 2.7, Vmin = 1.35, Vmax = 2.7, Vnom = 2.025

Efficiency EF Discharge PEF/Pmin/max Charge PEF/Pmin/max

0.95 0.225 0.11
0.90 0.45 0.23
0.85 0.675 0.34
0.80 0.9 0.45
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• Lithium-ion – iron phosphate example

Vnom.OC = 3.2, Vmin = 2, Vmax = 4.0

Efficiency EF (1 − EF) Discharge PEF/Pmin/max Charge PEF/Pmin/max

0.95 0.0475 0.20 0.15
0.90 0.09 0.38 0.29
0.85 0.1275 0.54 0.41
0.80 0.16 0.68 0.51
0.75 0.1875 0.80 0.60
0.70 0.21 0.90 0.67

• Lithium-ion battery – nickel cobalt example

Vnom.OC = 3.7, Vmin = 2.5, Vmax = 4.3

Efficiency EF (1 − EF) Discharge PEF/Pmin/max Charge PEF/Pmin/max

0.95 0.0475 0.22 0.25
0.90 0.09 0.41 0.48
0.85 0.1275 0.58 0.68
0.80 0.16 0.73 0.85
0.75 0.1875 0.86 1.0
0.70 0.21 0.96 1.0

The results shown in the tables indicate that that the power capability is strongly
dependent on efficiency EF and that the min/max voltage method yields power
capabilities much higher than the pulse efficiency method until the pulse
efficiency is 75–80%. The min/max values are only slightly lower than the
simple matched impedance approach values. In comparing the power capability
of various capacitors and batteries, it is important to know what resistance value
and approaches/formulas were used.

12.3.5
Pulse Cycle Testing

As in many applications ultracapacitors experience highly transient operation,
pulse cycle testing should be included in evaluating their performance
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Table 12.11 Time power steps for the PSFUDS test cycle.

Step number Time step duration (s) Charge (C)/discharge (D) P/Pmax Pmax = 500 W kg−1

1 8 D 0.20

2 12 D 0.40

3 12 D 0.10

4 50 C 0.10

5 12 D 0.20

6 12 D 1.0

7 8 D 0.40

8 50 C 0.30

9 12 D 0.20

10 12 D 0.40

11 18 D 0.10

12 50 C 0.20

13 8 D 0.20

14 12 D 1.0

15 12 D 0.10

16 50 C 0.30

17 8 D 0.20

18 12 D 1.0

19 38 C 0.25

20 12 D 0.40

21 12 D 0.40

22 > = 50 Charge to V0 0.30

capabilities. Pulse cycles are a sequence of discharge and charge pulses
of specified currents (A) or powers (W) of specified time duration (s). As
discussed previously (Figure 12.1), the USABC has defined pulse cycle test
procedures for hybrid-electric vehicle applications. Another pulse test cycle,
the pulsed simple FUDS (PSFUDS), which was first defined in Ref. [1],
has been used extensively at UC Davis to test ultracapacitors and high-
power batteries. This test cycle, specified in terms of W kg−1 time steps,
is given in Table 12.11. It can be utilized to test devices of all sizes and
performance capabilities by adjusting the W kg−1 and time duration of the
maximum power steps (6, 14, 18). The data of most interest in using the
PSFUDS cycle is the round-trip efficiency, which is the ratio of the energy
discharged to that charged during the cycle. Typical data using the PSFUDS
cycle are shown in Tables 12.12 and 12.13. The round-trip efficiencies for
the capacitors in most cases are greater than 95% even for peak power
steps of 1000 W kg−1.
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Table 12.12 Round-trip efficiencies for the Ness 45V Module on the
PSFUDS cycle [x].

Cyclea Energy in (Wh) Energy out (Wh) Efficiency (%)

1 102.84 97.94 95.2
2 101.92 97.94 96.1
3 101.67 97.94 96.3

aPSFUDS power profile based on maximum power of 500 W kg−1 and the
weight of the cells alone.

Table 12.13 Summary of the power capability of various ultracapacitors for constant and
pulse power discharges.

Device/capacitance RC (s) Wh kg−1a Wh kg−1 (W kg−1)const.pw Round-trip efficiency

95% (%)b PSFUDS 500, 1000 W kg−1

Batscap/2700 F 0.54 4.2 2050 1000, 90 0.98, 97
APowerCap/450F 0.63 5.8 2569 2105, 91 0.993, 0.989
Maxwell/2900 F 1.1 4.3 981 900, 89 0.97, 0.94
Nesscap/3150 F 1.3 4.5 982 1341/90 0.97, 0.94
JSR/1900 F 3.6 12 1037 971, 90 0.97, 0.94

aUsable energy density at 200 W kg−1 constant power.
bW kg−1 at constant power at which the energy is reduced to ‘‘%’’ of base energy density.
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12.4
Testing of Hybrid, Pseudocapacitive Devices

Most of the electrochemical capacitors that have been available for testing are of the
carbon/carbon type that use activated carbon in both electrodes and double-layer
capacitance for energy storage. In this section, the testing of devices that use
intercalation carbon or other battery-like (pseudocapacitive) materials in at least
one electrode is considered. These devices are often referred to as hybrid ultraca-
pacitors. Some testing of hybrid capacitors has been done and differences between
testing carbon/carbon and hybrid capacitor devices are becoming apparent. These
differences are discussed in this section with emphasis on how they affect test
procedures and data interpretation. This will be done in a format similar to that
followed for the carbon/carbon devices.

12.4.1
Capacitance

As is the case for carbon/carbon devices, the capacitance is determined from
constant current discharge data. However, as shown in Figure 12.8, the character
of voltage versus time traces for the hybrid capacitors is quite different from that of
the carbon/carbon devices.

As seen in Figure 12.8, the key differences in the traces are the nonlinearity of
the hybrid device traces, especially in charging, and the well-defined voltage below
which the capacitance of the device is very small. Hybrid capacitors can also be
assembled using various metal oxides in one or both electrodes. The character
of the voltage versus time trace of those devices would be similar to those in
Figure 12.8. As would be expected, the character of the V versus t trace must be
considered in testing a particular hybrid capacitor device. In the case of the hybrid
carbon device (12a), the voltage should be restricted to be between the rated voltage
(3.8 V) and that of the shoulder (2.2 V). It is evident from Table 12.14 (test data for
the JSR Micro device) that the selection of voltage limits makes a greater difference
in the calculation of the capacitance for hybrid capacitors than for carbon/carbon
devices. The best approach is to use the complete range between the rated and
shoulder voltages to calculate the capacitance, but correct the initial voltage (V1)
for the IR drop as is done for the carbon/carbon devices. For hybrid capacitors,
it is necessary to look closely at the V versus t trace before adapting a particular
method for the calculation of capacitance. It seems unlikely that the simple IEC
test procedure will be applicable to all types of hybrid capacitor devices without
modification.

12.4.2
Resistance

The same method can be used for determining the steady-state resistance Rss of
the hybrid carbon capacitors as was used for the carbon/carbon devices. As shown
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Figure 12.8 Voltage versus time traces for the constant current discharges of hybrid
capacitors.
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Table 12.14 Characteristics of the JSR Micro 2000F cell.

Constant current discharge 3.8 to 2.2 V.

Current (A) Time (s) C (F) Resistance (mΩ) a

30 102.2 2004 —
50 58.1 1950 —
80 34.1 1908 —

130 19.1 1835 2.0
200 11.1 1850 1.9
250 8.2 1694 1.84

Constant power discharges 3.8 to 2.2 V

Power (W) W kg−1 Time (s) Wh Wh kg−1b Ceff Wh l−1b

102 495 88.3 2.5 12.1 1698 18.9
151 733 56 2.35 11.4 1596 17.8
200 971 40 2.22 10.8 1508 16.9
300 1456 24.6 2.05 10.0 1392 15.7
400 1942 17 1.89 9.2 1283 14.4
500 2427 12.5 1.74 8.5 1181 13.3

Pulse test (5 s)
Current (A)

Resistance (mΩ) RC (s)

100 2 3.8
200 1.9 3.5

aResistance is steady-state value from linear V versus time discharge curve.
bBased on the weight and volume of the active cell materials.
Cell weight 206 g, 132 cm3.
Ceff = 2(W s)/(3.82 to 2.22).

Peak pulse power at 95% efficiency R = 1.9 m�.
P = 9/16 × 0.05 × (3.8)2/0.0019 = 214 W, 1038 W kg−1.

in Figure 12.9, the V versus t traces for constant current discharges of the hybrid
carbon devices become linear within a couple of seconds and the IR drop can
be determined by extrapolating back to t = 0. Hence Rss = (�V)t = 0/I. When
testing any new hybrid device, one should check the linearity of V versus t trace
near the initiation of discharge to determine whether the simple method of linear
extrapolation is applicable. Pulse tests with the JSR Micro devices yield resistance
values that are in good agreement with those obtained using the linear extrapolation
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Figure 12.9 Determination of the steady-state resistance of a hybrid ultracapacitor (JSR
Micro 2000 F cell).

method. The pulse method is the most universally applicable approach to determine
the resistance of ultracapacitors and batteries. Test data for the JSR Micro 2000 F
device are given in Table 12.14.

12.4.3
Energy Density

In simplest form, the energy stored in a hybrid capacitor can be expressed as

Estored = 1

2
Ceff

(
V2

rated − V2
min

)
assuming that capacitance Ceff is a constant. In the case of the carbon/carbon
devices, Vmin = 1/2 V rated. In the case of the hybrid capacitor, Vmin is the minimum
voltage at which the device stores significant charge. Ceff has been calculated
from the test data for a carbon/carbon device in Tables 12.11 and 12.12 and for
a hybrid capacitor in Table 12.14. It is clear from the comparison of the tables
that the Ceff approximation and the simple 1/2CV2 relationship is valid to obtain
the energy stored at low-power densities for the carbon/carbon devices, but not
for the hybrid devices. Hence, the energy density of hybrid capacitors should be
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obtained from testing them over a range of power densities. The simple 1/2CV2

relationship overestimates the energy stored in the hybrid capacitors. As is the
case for carbon/carbon devices, energy density decreases with increasing power
density owing to the effect of resistance on the operating voltage range of the
device.

12.4.4
Power Capability and Pulse Cycle Tests

Pulse testing of hybrid capacitors to obtain the resistance and the round-trip
efficiency on the PSFUDS is essentially the same as for carbon/carbon devices. The
power capability of hybrid capacitors can be calculated using the same relationships
used for carbon/carbon devices when V rated and the pulse resistance R are known.
As indicated in Table 12.13, the 95% efficient power capability of the JSR 2000 F
device is 1038 W kg−1, which is the same as in many of the carbon/carbon devices.
Hence, the hybrid capacitor achieved the increase in energy density without a
sacrifice in power capability.

As shown in Table 12.13, the JSR 2000 F device had round-trip efficiencies on
the PSFUDS cycle of 97 and 94% for peak power steps of 500 and 1000 W kg−1,
respectively. These efficiencies are essentially the same as those measured for most
of the carbon/carbon devices.

12.5
Relationships between AC Impedance and DC Testing

An electrochemical capacitor is assembled with porous electrodes consisting of a
microporous material such as activated carbon. The capacitance and, therefore, the
electrical energy storage take place in the double layers formed in the micropores
of the carbon. It is convenient to model these complex processes in terms of
equivalent electrical circuits as indicated in Figure 12.10. As shown in the figure,
the circuit consists of multiple RC elements connected in a ladder, which accounts
for the transport of the ions into the double layers along the length (depth) of the
micropores.

C1

R1 R2 R3 R4

C2 C3 C4

Figure 12.10 Equivalent circuit – multiple RC elements in series.
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The simplest DC circuit for an electrochemical capacitor is a single RC element
for which the charge and discharge response can be written as

Charging :
V

V0
= 1 − exp

( −t

RC

)

Discharging :
V

V0
= exp

( −t

RC

)

where V0 is the rated voltage and RC is the time constant of the device.
For the simple RC circuit, the voltage changes by 36.8% of V0 in time equal to

one time constant and about 98% of the rated voltage in t = 4RC.
Experience [13, 14] has shown that for applications in which significant changes

in power demand occur over a few time constants, the single RC element model
predicts with reasonable accuracy the response of electrochemical devices. For other
applications involving more rapid power changes, an equivalent circuit consisting
of multiple RC elements is needed. The analysis of the response of this circuit
involves the application of the concept of complex impedance from the AC circuit
theory. The impedance Z(ω) is defined as

Z (ω) = V (ω)

I (ω)
= Z

′
(ω) + jZ

′′
(ω) , |Z| =

(
Z

′ 2 + Z
′′ 2)1/2

where

V (ω) = v
′
(ω) + j v

′′
(ω) , i (ω) = i

′
(ω) + ji

′′
(ω) j = √−1

The impedance can be treated similar to the resistance in DC circuits. For circuit
elements in series,

Z = Z1 + Z2

For those in parallel,

1

Z
= 1

Z1
+ 1

Z2

The circuit elements of interest in Figure 12.10 are capacitors C and resistors R.
The corresponding impedance relationships are

ZC = − j

ωC

ZR = R

The impedance of a capacitor and resistance in series is

ZRC = R − j

ωC
, ω >>> 1, Z = R
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and in parallel

1

Z
= 1

R
+ 1

−j/ωC

ZP = R − jR2Cω

1 + R2C2ω2

The impedance Zladder of the RC ladder circuit shown in Figure 12.10 can be
expressed as a combination of terms of the form of ZRC and ZP. Hence,

Zladder (ω) = F
(
ω, R1,R2, . . . , C1, C2, . . .

)
If the device is modeled by a simple RC circuit, the values for R and C can
be determined from DC constant current tests. However, if the device is mod-
eled using the ladder circuit, the multiple R and C values can be determined
from AC impedance testing [15, 16] in which an AC voltage is applied to a
device and its impedance is measured as a function of frequency ω. The test
results are usually presented as Z′′ versus Z′, C versus frequency, and R ver-
sus frequency. Typical AC impedance test data [17] for a carbon/carbon double-
layer 100 F capacitor are shown in Figure 12.11. Software [18] is available to
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Figure 12.11 AC impedance data and equivalent circuit for a 100 F Maxwell capacitor.
Taken from Ref. [17].



12.5 Relationships between AC Impedance and DC Testing 463

determine the R and C values in the ladder equivalent circuit directly from
the AC impedance data. The equivalent circuit results in Figure 12.11 indicate
that it is likely in most cases that a ladder consisting of two elements will
be sufficient to match the AC characteristics of most electrochemical capacitor
devices.

The next step is to relate the AC impedance results to the performance of the
electrochemical/ultracapacitors in high-current applications, which are in many
cases DC in character. One approach is to relate frequency f (ω = 2�f ) to the
discharge time tdisch by the simple relationship tdisch (seconds) = 1/4f , because each
AC cycle consists of four (4) charge or discharge subcycles. tdisch =1 s corresponds
to f = 0.25 Hz and tdisch = 30 s corresponds to 0.0083 Hz; hence, for many
applications, the AC frequencies of primary interest for electrochemical capacitors
are between 0.01 and 1 Hz. The values for C and R for particular frequencies in
the range of interest can be read from the Z′′ versus Z′ curve in Figure 12.11.
These values can then be used to determine the corresponding energy and power
capability of the device tested using the following equation for tdisch, which was
derived in Ref. [19].

tdisch =
1/2CV0

2

P

[
(1 − K1)2 −

(
V

V0

)2
]

+ RC ln

[
V/V0(

1 − K1

)
]

(12.1)

K1 = PR

V0
2 = I0R

V0
,

V

V0
= 0.5 for a typical discharge

The energy stored is then P tdisch and the corresponding energy and power densities
are given as P tdisch/wd and P/wd, respectively, where wd is the weight of the device.
For the 100 F Maxwell device, the product specifications by the manufacturer
are C = 100 F, R = 15 m�, and wd = 25 g. From Figure 12.11 at a frequency
of 0.01 Hz, tdisch = 25 s, C = 110 F and R = 17 m�. For a discharge power of
P = 7.5 W (300 W kg−1), the calculated discharge time from Eq. (12.1) is 23 s, which
is consistent with the frequency used in the calculations. Hence, it appears that
it is possible to relate the AC impedance results with the DC characteristics of
electrochemical capacitor devices. Further comparisons in this regard are given in
Refs. [10, 20, 21].

The AC impedance testing method also permits an assessment of the time-
dependent processes in the micropores of the carbon as the double layers are being
formed. AC impedance data for a 10 F capacitor using a carbide-based carbon [22,
23] in the electrodes are shown in Figure 12.12. The processes in the pores depend
on the diameter and depth of the pores. This problem is analyzed in Refs. [24, 25].
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Figure 12.12 AC impedance data for a 10 F capacitor using carbide-based carbon
electrodes.

It was found that the impedance of the pore processes is

Zp =
[

1 − j

2�n(r3
pκωCdl)1/2

]
coth


lp

(
ωCdl

rpκ

)1/2 (
1 + j

) (12.2)

where n is the number of pores cm−3, rp is the pore radius and lp is the pore length,
Cdl is the pore capacitance cm−2, κ is the electrolyte ionic conductivity, and ω is
the frequency. Recall that coth x = (ex + e−x)/(ex − e−x), x� 1, coth x for large x
tends to 1; coth x for small x tends to 1/x. Hence, for these limiting frequencies,
Eq. (12.2) becomes

ω >> 1 (high frequencies) Zp = 1 − j

2�n(rp
3κωCdl)1/2

ω <<< 1 (low frequencies) Zp = − j

2�n lprpωCdl
= −j

ωCtotal
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C total = 2 � n lprpCdl is the total capacitance of all the pores in the electrode.
At high frequencies, the Z′′ versus Z′ plot is a 45◦ line with respect to the

Z′ axis and at low frequencies, the plot is a straight line normal to the Z′

axis. Note that the Z′′ versus Z′ plot in Figure 12.12 is of the form predicted
by Eq. (12.2). This would seem to validate the pore charging model described
in Ref. [24], which assumes uniform charging in the pores (Cdl = constant).
However, it is likely that the processes are much more complex than this simple
model.

As Z′ = R, the intersection of the 45◦ line with the axis is the ohmic resistance
of the device at very high frequency at which the pore resistance is zero. The pore
resistance Rp is the difference between the Z′ value at the intersection of the
two lines and the minimum value R0. For the 10 F capacitor, R0 0.12 � and the
pore resistance Rp is 0.22 �. The frequency at the intersection point is given by
ω = 1/Z′′C. Utilizing the C versus f curve in Figure 12.12, it is found that C = 7.3 F
and f = 0.1 Hz.

The corresponding charge/discharge time is 2.5 s (1/4f ). The RC time constant
of the 10 F device is 7.3 × 0.34 = 2.5 s, indicating that the full resistance in the
device, including the pore resistance, should be reached in about one time constant
based on the AC impedance data. This is consistent with the DC test data previously
discussed.

12.6
Uncertainties in Ultracapacitor Data Interpretation

Various aspects of testing carbon/carbon and hybrid ultracapacitors were discussed
in the previous sections. The intent of the testing is to determine the performance
of the devices to a high level of confidence and to provide data for a wide range
of device operating conditions. On the basis of the present considerations of
testing procedures, there are, however, a number of uncertainties that can arise
in the interpretation of data available in the literature and/or on manufacturer’s
specification sheets for devices. These uncertainties are due to differences in test
procedures and incomplete information on how the data were used to calcu-
late device performance. The uncertainties in the following areas are discussed
separately.

1) Charging algorithm
2) Capacitance
3) Resistance
4) Energy density
5) Power capability
6) Round-trip efficiency.
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12.6.1
Charging Algorithm

Little has been discussed in the previous sections on the charging algorithm used
in the testing. That is primarily because the energy stored in the capacitor is
essentially independent of the charging current and the charging is terminated
when the device reaches V rated (no current taper as for batteries). It is common
practice at UC Davis to hold the voltage about 60 s before the discharge test is
initiated. This permits the charge in the capacitor to equalize and the current
before initiation of discharge to be a small fraction of the discharge current. It
would be advantageous if all capacitor test reports stated how the charge was
terminated as the hold period can have a significant effect on the test data if it is
too short.

12.6.2
Capacitance

The uncertainty in the capacitance is relatively small. It is only a few percent for
carbon/carbon devices and up to 10% for hybrid devices. In nearly all cases, the
capacitance is determined from the constant current discharge data. The largest
source of uncertainty is the voltage range over which the capacitance (C = �Q/�V)
is calculated. However, examination of the data (Tables 12.3 and 12.5) indicate that
selecting different voltage ranges only has a minor effect on the capacitance
calculated. The best approach is to calculate the capacitance based on the usable
voltage operating range of the device. For carbon/carbon devices, the operating
range is usually V rated to V rated/2. For hybrid devices, it seems appropriate to base
the capacitance on the difference between the V rated and the minimum operating
voltage set by the shoulder of the voltage curve in charge or discharge. The
capacitance depends only slightly on discharge current except for very low rates and
very high rates. However, the IR voltage drop at the initiation of discharge should
be included in the determination of �V when C is calculated. It is good practice to
state the discharge current or time for which the capacitance value corresponds.

12.6.3
Resistance

Knowledge of the resistance of a device is important; unfortunately, the uncertainty
in the resistance is relatively large. This is due both to the inherent difficulty is
measuring the resistance of a low resistance (<1 m�) device and the variety of
approaches that can be used to measure the resistance. Part of the difficulty is
that the resistance at the initiation of a discharge or pulse varies during the period
in which the current distribution is established in the electrodes. The resistance
values reported by UC Davis correspond to the steady-state resistance after the
current distribution has been established. This resistance value can be a factor
of 2 higher than that measured at very short times after the discharge/pulse has
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been initiated. Hence, the uncertainty in the resistance value can be as great as a
factor of 2. It is important that when resistance values are given that the method
and time for measuring the resistance be stated clearly. It is not uncommon for
device manufacturers to give the resistance of their device measured by an AC
impedance meter at 1 kHz. This value of resistance is about a factor 2 lower than
the steady-state value.

12.6.4
Energy Density

The only reliable way to determine the energy stored and the energy density of
an electrochemical capacitor is to test it over a range of power densities. This is
especially true of hybrid capacitors. These measurements should be done over the
usable operating voltage range of the device. The energy stored and discharged and
the resultant energy density will decrease as the discharge rate (W kg−1) increases.
When energy and energy density values are reported, they should be usable values
and indicate the discharge rate (W kg−1) at which they were measured. Utilizing
the 1/2 CV2 relationship to calculate the energy density can overestimate the usable
energy density by at least 1/3 for carbon/carbon devices and even greater for hybrid
devices.

12.6.5
Power Capability

As discussed in previous sections, there is considerable confusion concerning
the power capability of batteries and ultracapacitors and further concerning their
relative power capabilities. That confusion is compounded as there is uncertainty
in the measurement of the resistance of devices and the effect of the SOC on both
the resistance and the open-circuit voltage of devices. Even if one states clearly the
SOC at which the power capability is given, there is still the uncertainty in how
the resistance of the devices was measured. In assessing the reliability of power
capability claims for both ultracapacitors and batteries, it is important to know the
resistance of the devices and how it was determined. Statements concerning power
capability without information on the resistance are in most cases unreliable and
often misleading.

The resistance value needed for the power calculation is the DC resistance of
the device. Hence, measurement of the resistance at 1000 Hz will not yield the
appropriate value of resistance. In fact, that resistance is consistently too low by
about a factor of 2. The DC resistance can best be determined from pulse tests
of the devices. The pulses can be either discharge or charge pulses. The duration
of the pulses should be 5–10 s. The resistance calculated from the pulse tests will
depend on the time at which the voltage drop or rise is read following the initiation
of the pulse. If the voltage is read at times less than 1 s, the resistance calculated
will be quite low. In general, the resistance inferred from the pulse test will be
higher as the voltage is read at longer times after the pulse has been initiated.
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Table 12.15 Comparisons of the projected power capabilities of various devices using the
different methods for calculation.

Lithium batteries Matched USABC Efficient pulse Efficient pulse
60% SOC impedance min/max EF = 95% EF = 80%

Kokam NCM 30 Ah 2 893 2 502 550 979
Enerdel HEVNCM 15 Ah 5 491 4 750 1 044 1 858
Enerdel EV NCM 15 Ah 2 988 2 584 568 1 011
EIG NCM 20 Ah 2 688 2 325 511 909
EIG FePhosphate 15 Ah 2 141 2 035 407 725
Altairnano LiTiO 11 Ah 1 841 1 750 350 623
Altairnano LiTiO 3.8 Ah 4 613 4 385 877 1 561

Ultracapacitors V 0 = 3/4V rated — — — —

Maxwell 2890 F 8 836 4 413 994 —
Nesscap 3100 F 8 730 4 360 982 —
Batscap 2700 F 18 224 9 102 2 050 —
APowerCap 450 F 22 838 11 406 2 569 —
LS Cable 3200 F 12 446 4 609 1 038 —
JSR 2000 F 9 228 6 216 1 400 —

For lithium cells, the resistance inferred changes slowly after 2–3 s for the 10 s
pulse. Another approach to determine the DC resistance is the current interruption
method in which the current is set to zero during a constant current discharge
or charge and the voltage is read during the recovery back to the open-circuit
voltage. This method has been found to work well for both battery cells [19] and
ultracapacitors (Tables 12.6 and 12.7). There is scatter of a few tenths of a megaohm
in the resistance inferred, which seems to be unavoidable. The power capabilities
calculated from the resistance determined in this manner can be considered to be
reliable.

As discussed in Section 12.3 (Power capability), widely different power capability
for batteries and ultracapacitors can be inferred even when the resistance and open-
circuit voltage are accurately known. The three approaches most often applied to
determine the power capability of devices are matched impedance power, the
min/max method of the USABC, and the pulse energy efficiency approach used at
UC Davis. As shown in Table 12.15 for a number of batteries and ultracapacitors,
the usable maximum power values (W kg−1) obtained using the three methods are
very different. In general, the values obtained using the energy efficiency method
for EF = 90–95% are much lower than the other two methods, which yield values
corresponding to efficiencies of 70–75%. These values of power are achievable,
but the devices will be operating near their minimum voltage with high rates of
heat generation and resultant high stress. The higher powers calculated using the



References 469

min/max method can be provided occasionally, but should not be expected during
normal operation of the vehicle.

12.6.6
Round-Trip Efficiency

The major uncertainty in interpreting round-trip efficiency concerns the test
cycle for which the round-trip efficiency was measured. A key factor in the test
cycle is the maximum power (W kg−1) and duration (seconds) of the maximum
power step. In comparing round-trip efficiency values between capacitors and
batteries, it is important to know the test cycles in each case. The peak power
steps in capacitor tests are often significantly higher than those used to test
batteries.

12.7
Summary

DC testing of electrochemical capacitors has been reviewed with emphasis on the
test procedures used by the USABC, IEC, and UC Davis. Differences in the test
procedures are identified and the effect of the differences on the inferred charac-
teristics of various carbon/carbon and hybrid (pseudocapacitive) electrochemical
devices evaluated from test data. The effect of the test procedures is greater for
hybrid devices than carbon/carbon capacitors.

It was found that the differences in the test procedures have a minor effect on
capacitance (less than 10%), but larger effects on resistance and energy density.
The uncertainty in the resistance can be as high as a factor 2 depending on the
pulse duration and the method used to infer it. The pulse power capability of
devices can be calculated from the rated voltage of the device and its measured
steady-state resistance. The calculated power values are highly dependent on
the assumptions made concerning the efficiency EF of the pulse (fraction of
energy into electricity). The inferred power capability of a device based on the
matched impedance value (V2/4R) is nearly a factor of 10 higher than that
corresponding to an efficiency of 95% as required in the USABC and IEC test
procedures.
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13
Reliability of Electrochemical Capacitors
John R. Miller

13.1
Introduction

Electrochemical capacitors (ECs) are being used currently in a variety of high-
reliability applications, for example, as backup power sources for critical industrial
processes. Some capacitor products are quantifiably more attractive for these sorts
of applications than others. Certain system designs offer higher reliability. This
chapter briefly reviews basic reliability concepts, relates these to EC technology,
describes the methodology for quantitatively determining the reliability of a capac-
itor product, and presents straightforward engineering approaches to achieve the
desired level of reliability from a capacitor system. It concludes with a practical
example where a capacitor system is engineered to meet operating performance
specifications concurrent with imposed reliability requirements.

13.2
Reliability Basics

Reliability has a very precise mathematical definition: Reliability is the probability
that an item will perform its intended function under stated conditions for some specified
period of time. It relates to the outcome expected from a large group of identical
items all treated the same way. The reliability of an item is strongly influenced by
its design, by how it is used, and by the environment in which it is used. Item
quality can also significantly impact reliability.

Consider, for example, an automobile tire. Its reliability depends on the design:
is it radial or bias ply; what type of vehicle it is mounted on – a small light car
or a heavy utility vehicle; how will that vehicle be operated – in slow city traffic
or at the race track; and the operating road surface – high-temperature asphalt or
artic-temperature snow-pack. Precise details about tire design and how it will be
used are necessary to make reliability statements.

Similar details are needed to make statements about EC reliability, calling for
questions such as: Does the capacitor package have hermetic construction or

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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polymeric seals? Is the capacitor used by itself or as part of a system? Will it be
charged or uncharged most of its life? Will its operating temperature be high or
low, and constant or fluctuating? Will it be protected from overstress conditions?
Many factors influence EC system reliability, and these are first examined at the
cell level.

13.3
Cell Reliability

The reliability of an item is based on a mathematical representation of the
cumulative life distribution curve. Various mathematical models are available to
describe life, including exponential, normal, lognormal, and Weibull distributions.
Although each is potentially useful for some component types, the life model
almost universally used for capacitors is the Weibull life distribution [1]. Generally,
this distribution well represents reality for capacitors – a Weibull will accurately fit
life data at short, medium, and very long times.

With a Weibull distribution, the cumulative life distribution (fraction of the
population failing after time t) is described by

F (t) = 1 − exp
[−(t/α)β

]
(13.1)

The two parameters in this distribution are α, termed the characteristic life, and
β, the shape factor.1) Figure 13.1 shows this equation (with β = 4) plotted versus
normalized time, t/α. The Weibull cumulative life distribution F(t) is an ever-
increasing function of time, starting at 0 for t = 0 and rising to 1 at long times,
after all of the population has failed.

The reliability function R(t) is the fraction of the population that has not failed by
time t. It is simply related to F(t) by Eq. (13.2) and plotted in Figure 13.2 (with β =
4) versus normalized time.

R (t) = 1 − F (t) = exp
[−(t/α)β

]
(13.2)

The reliability function has a value of 1 at very short times (100% reliable, no
failures) and it decreases monotonically to 0 (the entire population failed) with
increasing time. The probability density function f (t) is the time derivative of the
life distribution, f (t) ≡ dF/dt. It corresponds to the histogram of the lifetimes and
is plotted for β = 4 in Figure 13.3. This curve is peaked near t/α = 1. With this
value of β, life essentially extends over the range 0.3 < t/α < 1.5, that is, few items
have life shorter than 0.3α and few items have life longer than 1.5α.

The age τ p at which the fraction P of a population has failed can be derived using
Eq. (13.2) and is

τp = a[−ln (1 − P)]1/β (13.3)

1) The general Weibull distribution equation has
a third parameter associated with shifting

time, which is not important for the devel-
opment in this chapter and is ignored.
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Figure 13.1 Weibull cumulative life distribution F(t/α) plotted against normalized time,
t/α. The shape factor β equals 4 in this example.

Age (t/a)

R
(t

/a
)

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 0.5 1 1.5 2

R
(t

/a
)

≡ 
1–

F
(t

/a
)

Figure 13.2 Weibull reliability function R(t/α) plotted against normalized time t/α with
shape factor β = 4.

For P = 1 − 1/e = 0.632, τ p = α for all values of β. Thus, characteristic life for any
Weibull distribution is the time at which 63.2% of the population has failed.

The Weibull life distribution is most often associated with Professor Wallodi
Weibull (1887–1979) of the Royal Institute of Technology in Stockholm, Sweden.
It first came to broad attention in the United States in connection with US Air
Force studies on metal fatigue in aircraft during the early 1950s, although there
are hints of similar methods as early as the 1920s. Because it can account for both
increasing and decreasing failure rates, the Weibull distribution is able to describe
the life of a wide variety of products. It allows simple graphical solutions, and
before software became widely available for the purpose, distinctive Weibull paper
made it possible to plot life data by hand and obtain directly both the characteristic
life and the shape factor.
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Figure 13.3 Probability density function f (t/α) = dF/dt plotted against normalized time
t/α for a shape factor β = 4.
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Figure 13.4 (a) Weibull cumulative life and (b) probability density distribution for four dif-
ferent values of the shape factor β. Time is normalized by the characteristic life α.

The Weibull distribution can represent increasing, constant, or decreasing failure
rates by using different values for the shape factor β. When β = 1, the failure
rate is constant (exponential distribution). If β < 1, failures are decreasing with
time, the so-called infant mortality. If β > 1, failures are increasing with time.
Weibull distributions for different values of the shape parameter, β, are shown in
Figure 13.4 with the fraction of the population failing by normalized time t/α on
(a) and the probability density functions on (b).

Note the common point where all lines intersect in (a), where t/α = 1, when
time is equal to the characteristic life. At this time, and independent of the value of
the shape factor β, 63.2% of the population has failed.

Life distributions with different shape factors are often combined in what
textbooks refer to as a bathtub curve, as shown in Figure 13.5. Infant mortality,
due perhaps to errors in item assembly and characterized by a small β value, has
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Figure 13.5 Typical failure rate for an item, showing higher rates at short times (infant
mortality) and wear-out at long times. This so-called bathtub curve can be treated as the
sum of two distributions, one with a decreasing failure rate and one with an increasing
failure rate.

a downward slope from the start. At long times there is wear-out, characterized by
a large β. The sum of these two distributions produces a bathtub curve. Having
noted this, however, we will disregard it in favor of assuming the manufacturer has
correctly manufactured and ‘‘burned in’’ the components or somehow dealt with
factors that create early failures. The rest of the chapter assumes only wear-out
failures, that is, an increasing failure rate characterized by a Weibull life distribution
with a shape factor much greater than 1.

EC cells typically have β values in the range 5–15, depending on the product
under consideration. Weibull life distributions with β = 5, 10, and 15 are shown
in Figure 13.6, assuming a characteristic life α = 1000 h. Differences are clear:
the distribution with smaller β is much wider than the one having a larger shape
factor. In all cases, 63.2% of the population has failed by 1000 h. With β = 15, there
are few failures before 700 h and the vast majority of the cells reach failure by about
1300 h. With β = 5, on the other hand, cell failures are easily observed as early as
400 h and as late as 1500 h. Using Eq. (13.3) with β = 5, 1% of the cells fail during
the first 398 h, while with β = 15, it is not until 736 h that 1% of the cells reach
failure.
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13.4
System Reliability

The previous analysis considered the reliability of individual capacitor cells. Many
applications operate at higher voltage, which means that more than one cell is used
in a series string to meet voltage requirements. When cells are connected this way,
however, the failure of a single cell will cause the entire string (system) to fail.
This is analogous to a chain failing when only one of its links breaks. It is easy to
recognize that the longer the chain and/or the more links it has in its length, then
the lower its reliability, provided link failures are statistically independent.

Consider a capacitor system that is comprised of M identical cells, all connected
in series, and that at each instant of time all cells are at the same voltage and
temperature, that is, each and every cell is subjected to the same stress. (Later, a
more realistic system with nonuniform temperature and voltage is considered.) If
the cells are identical, all at the same temperature and charge state, and the failures
are statistically independent, then the reliability function for the string of M cells
RM is the reliability function for a single cell, R1 raised to the M power.

RM (t) = [
R1 (t)

]M
(13.4)

Stringing cells in series is analogous to the statistics associated with flipping a coin.
The probability of heads with a ‘‘good’’ coin in a single flip is 50%. The probability
of heads in a second flip is again 50%. The probability of getting two heads in a row
is one quarter, the product of probability of the two independent and sequential
steps. What then is the probability of getting 100 heads in a row? That probability
is 1/2

100, a very small number! The reliability function for a system of many cells is
also particularly critical because of the large exponent associated with a long string
of series-connected cells.

The Weibull life distribution for M series-connected cells can be derived in a
straightforward manner by inserting Eq. (13.2) into (13.4), which is as follows:

RM (t) = [
R1 (t)

]M = {
exp

[−(t/a)β
]}M = exp

{
−(

t/
[
a/M(1/β)

])β
}

(13.5)

Thus, the distribution for M series-connected cells is also a Weibull distribution,
one having the same shape factor as the cells but with a characteristic life of

aM = a/M(1/β) (13.6)

As the number of cells M is greater than 1 for a series-string, the characteristic life
of the system will always be less than the characteristic life of its constituent cells.

It is interesting to examine, using a specific example, the impact on reliability
of having systems composed of long strings of series-connected cells. Consider a
system of 50 cells in series, the life of the cells being characterized by a Weibull
life distribution with β = 4. Figure 13.7 shows the reliability function (a) and
probability density function (b) for one cell and for the 50 cell series string. The
average age of system failure is considerably less than the average age of cell failure.
The peak in the population density is approximately t = α for a single cell failure
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Figure 13.7 Reliability function and probability density function for a single cell (β = 4)
and for systems comprising 50 of these cells connected in series. These functions are plot-
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ratio of the characteristic life of a string of
M series-connected cells αM to the char-
acteristic life of single cells α1, versus the
number cells in the string M. Cell failures

are assumed to be statistically independent.
As shown, the system comprising 10 series-
connected cells will have 1/10 the life of the
constituent cells if they have a shape factor
β = 1.

and approximately t = α/(501/4) ≈ 0.4α for system failure. Notice that the vast
majority of 50 cell systems will fail before reaching an age of t/α = 0.5.

The ratio of the characteristic life αM of a string of M series-connected cells to
the characteristic life α1 of a single cell versus the number of cells in the string M
(Eq. (13.6)) is shown graphically in Figure 13.8 for several shape factor values. Cell
failures are assumed to be statistically independent, with string failure defined as
having a single cell fail in the string of M cells. The shape factor β = 1 is shown, but
values this small are not generally observed for ECs. This β value corresponds to
the constant failure rate (an exponential life distribution), where a new cell is just as
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likely to fail as an old cell. With this shape factor, a system of 10 series-connecting
cells will have 10 times lower life, as can be determined graphically from the figure,
than the single cell life. With β = 15, in contrast, the characteristic life of a 10 cell
string will be 86% the characteristic life of a constituent cell.

Heavy-hybrid-vehicle energy storage systems typically operate at up to ∼750 V.
Using cells rated at 2.5 V, the storage system will need to have 300 or more cells
in series. The characteristic life of a 300 cell string will only be ∼32% that of the
cell value for a shape factor β = 5, ∼56% that of the cell value for β = 10, and
∼68% that of the cell value for β = 15. The conclusion is clear – cells having a life
distribution characterized by a large shape factor offer clear life advantages when
assembling high-voltage systems. Large β implies a narrow probability density
distribution, which means very strong wear-out behavior [2]. It is the left-side tail
of the cell life distribution that most strongly affects the life of a series string of
such cells because it takes but a single short-time failure to cause the entire system
to fail.

A final example is used to illustrate the relationship between cell and system
reliability. In this example, assume (i) systems are constructed with 200 cells in
series, (ii) the cell life distribution is well characterized by a Weibull with a shape
factor β = 4, and (iii) the cell manufacturer gives a strong assurance that his cells
provide 10 years of life. What will be the life of such a 200 cell system?

First, the cell life distribution must be quantified. The manufacturer’s statement
that the cells provide 10 years of life is totally inadequate for this purpose – will
only 0.1% of the cells fail in 10 years? Or does the manufacturer mean a different
level of failure, <50% failure for instance? Equation (13.3) can be used to derive the
characteristic life using different assumptions on what the manufacturer means.
With β = 4, 0.1% failures in 10 years means that the characteristic life will be
α = 56.5 years. With 1% failure in 10 years, then α = 31.6 years. And if the
manufacturer’s statement relating to 10 years of life means that 90% of the cells
operate for 10 years (that is 10% fail during 10 years of operation), then the
characteristic life of these cells will be α = 17.6 years.

The last step of this example is to examine system reliability (Eq. (13.6)) using
the derived cell characteristic life, the shape factor β = 4, and the number of series
cells M = 200. These results are listed in Table 13.1. Greater than 99% of the
systems will operate for at least one year with each cell life interpretation. But
differences do appear in year two. Cells having a characteristic life α = 17.6 years
(10% failure in 10 years) experience measurably higher system failures. And as
time progresses, even greater differences are observed – a mere 27% of the systems
with α = 17.6 years continue to operate after five years. After 10 years, 82% of the
systems constructed with ‘‘0.1% cell failure in 10 years’’ still operate, 13% made
with the ‘‘1% cell failure in 10 years’’ still operate, and absolutely none of the
systems made with the ‘‘10% cell failure in 10 years’’ still operate. Two messages
are evident: (i) clear understanding is needed of a manufacturer’s life statement
and (ii) cells having a Weibull life distribution with a small shape factor may be
unsuitable for use in high-voltage systems.
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Table 13.1 Characteristic life α of cells that provide ‘‘10 year life,’’ assuming three different
meanings of this statement, and 200 cell systems made using these constituent cells. If ‘‘10
year life’’ means 99.9% of the cells operate that long, then the characteristic life is α = 56.5
years and 82% of the systems will be operating at 10 years. At the other extreme, if ‘‘10 year
life’’ means 90% of the cells operate for 10 years then the characteristic life is α = 17.6 years
and absolutely none of the 200 cell systems will be operating after 10 years.

Percentage of systems operating

Percentage cell failures in 10 yr 1 yr 2 yr 5 yr 10 yr

0.1 (α = 56.5 yr) 99.99 99.97 98.7 82
1.0 (α = 31.6 yr) 99.98 99.7 88.2 13
10.0 (α = 17.6 yr) 99.79 96.7 27.1 0

13.5
Assessment of Cell Reliability

EC reliability assessment has been reported in only a handful of studies. In 1992,
Kobayashi [3] described accelerated aging of molded ECs at fixed voltage and
several temperatures and derived Weibull life models. In 2005, Goltser et al. [4]
discussed an efficient approach to gather EC reliability information over a range
of temperatures and operating voltages and demonstrated this approach using
commercial ECs. And in 2006, Miller et al. [5] presented reliability results from
a study of 3000 F commercial capacitor cells. Two years later, Butler et al. [6]
updated this long-term aging study. More recently, Kotz et al. [7] examined constant
load aging of 350 F cells and identified failure modes. No historic field data
has been published on ECs such as that found for other passive components in
the US Military Electronic Components Handbook MIL-HDBK-217. And finally,
EC capacitor manufacturers generally provide only limited reliability information
about their products. Consequently, cell reliability assessments must often be
performed by the technology user before a system of such cells can be deployed
with confidence that the design will meet goals.

Despite its seeming triviality, the statement ‘‘life is unknown without death’’ is
as true as it is critical for understanding reliability. Life can be measured only after
failure has been observed. Thus, component testing must be continued to the very
end of life for an accurate reliability determination. Field data was often collected
and used in the past to develop life distributions of passive components. At present,
it is more common to derive component life distributions using well-controlled
laboratory testing rather than historic use information.

One general approach for reliability assessment is to age groups of identical
capacitor cells at different stress levels, measuring the response of each individual
cell to that stress over time. On the basis of some established definition of failure
(component death) and on reaching that condition, the life of individual cells is
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determined. This data can be used to develop a distribution of cell life for each
group that can then be mathematically represented using various models, for
instance, a Weibull life distribution.

Often, groups of cells are aged at stress levels well beyond what they would
normally be exposed to in use (accelerated testing). The purpose here is to increase
the failure rate so as to obtain life information at a quicker pace. Then, using
the acceleration factor that was gained by analysis of life data from the reliability
assessment, cell life predictions at field operating conditions can be made much
earlier.

Returning to the tire example, reliability testing might involve subjecting groups
of tires at various combinations of applied loads (different vehicle weights),
imposed temperatures (operating environment), and rotation rates (driving speed).
Tire failure might be defined as tire disassembly (blowout), deflation (flat tire), or
cumulative tread wear. Tire life is the time (or an equivalent distance) needed to
reach one of these failure conditions.

Larger test groups do improve statistics, of course, and thus can more accurately
delineate the life distribution. But this usually requires greater effort, longer test
time, and higher costs. A balance must be maintained between the size of the
test groups and the budget available to complete the evaluation. The relationship
between test group size and life model confidence levels can be readily established
using standard statistical methods.

Capacitor failure (end of life) can take many forms. It could be complete and total
loss of function, becoming, for instance, an open circuit or a dead short circuit.
It could be an obvious problem such as package rupture with electrolyte leakage.
Alternatively, failure could be ‘‘defined’’ by reaching some diminished level of
performance, for example, reaching a discharge time that is 75% of its original
value. A defined failure does not necessarily mean the device has stopped operating
but rather that its performance or properties have changed by some quantifiable
amount. The quantified value is then used to engineer the system to meet life
requirements. For example, if capacitor failure is defined as a 30% loss in delivered
energy, then the system would be engineered to provide proper function with up
to 30% loss in delivered energy. Thus, system failure occurs at the exact moment
that the capacitor reaches a defined failure.

EC specification sheets often include ‘‘endurance’’ statements with words such as
‘‘will operate continuously for 2000 h at rated voltage and maximum rated temper-
ature with a capacitance decline less than 30% and an equivalent series resistance
(ESR) increase less than 100%.’’ As previously discussed, such information will
not permit capacitor system reliability engineering. However, a detailed knowledge
of the life distribution of cells aged at the endurance condition does permit some
rudimentary reliability engineering to be completed.

Assume that every cell in a group aged at an endurance condition of 70 ◦C and
2.5 V operates properly over the 2000 h endurance time. Further, assume that the
cell with the minimum capacitance change showed an 11% decrease. Then, using
11% change as the definition of failure, every cell in the group reaches a defined
failure in 2000 h of testing, where test group life data is totally complete. This data
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can be fit to a life distribution, a Weibull distribution, for instance, which will be
useful but have limited applicability.

Operating parameters that have the greatest influence on EC operating per-
formance are voltage and temperature, although humidity can be important for
some products. Unlike batteries, EC cycle life generally need not be measured,
although very high-rate charge/discharge cycling may add stresses that should not
be ignored. ECs follow the 10◦ rule approximately, that is, a 10 ◦C decrease in
temperature doubles the life of a cell. This rule has been shown to hold for most
EC cells near their maximum rated voltage and temperature. The voltage rule that
is approximately correct (for nonaqueous electrolyte symmetric EC cells near rated
voltage) is that a 0.1 V decrease in voltage doubles the life of a cell. Therefore, a
simple model equation relating cell life τ to operating temperature T and voltage
V , in normalized form, can be written as

τ (T , V) /τ
(
T0, V0

) = 2[(T0−T)/10] × 2[(V0−V)/0.1] (13.7)

where the life τ (T0, V0) is the characteristic life at a known T0 and V0 test condition,
for example, the endurance test condition. This equation, in normalized form, is
shown graphically in Figure 13.9.

Life distributions for a specific capacitor product will have the same Weibull
shape factor under all normal operating conditions. Characteristic life will be
longer under low-stress operation and shorter under high-stress operation, but
the shape factor will remain the same. Operation at excessive stress conditions
can change the shape factor owing to the introduction of one or more additional
failure modes. Thus, Weibull shape factor comparisons can suggest when overly
aggressive aging conditions have been used [3].

0.1

1

10

25 35 45 55 65

Temperature (°C)

Vr-0.3Vr-0.2Vr-0.1

Vr

R
el

at
iv

e 
lif

e

t t
(V

)

t 2
5C

(V
r)

Figure 13.9 Electrochemical capacitor cell life relative to its value at 25 ◦C and rated volt-
age Vr. Assumptions include life doubling with a 10 ◦C temperature decrease or a 0.1 V per
cell operating voltage decrease. This general behavior is typical for organic electrolyte elec-
trochemical capacitor cells having a symmetric design.
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Returning to the previous hypothetical example, where by definition every cell
failed after 2000 h at 70 ◦C with 2.5 V applied (11% capacitance loss), life estimates
can be made for operation at nearby voltage/temperature conditions. Assume that
life data from the endurance group can be represented by a Weibull distribution
with a characteristic life of 1800 h and a shape factor of 7.5. Cells of this type would
then have two times longer life, 3600 h, if operated at 10 ◦C cooler temperature,
at 60 ◦C and 2.5 V. The shape factor would remain unchanged at 7.5. And for
operation at 2.3 V and 50 ◦C, characteristic life is predicted to be 16 times longer (4
times longer due to lower voltage and 4 times longer due to lower temperature). The
shape factor is not changed. Thus, cells operated at 2.3 V and 50 ◦C are predicted to
show an 11% capacitance loss after 28 800 h of aging.

The methodology of this example is limited to estimating life near the measured
endurance condition. Life using definitions of failure other than 11% capacitance
loss remains unknown. Aging could continue, of course, past 2000 h, for example,
until every cell experienced 25% capacitance loss, and this would indeed provide
additional life information. However, a different and more efficient approach can
be used to obtain such information sooner. This involves simultaneously aging
several groups of cells at different specified voltage/temperature conditions. These
conditions should broadly span the range of intended use and be appropriately
selected for statistical balance. Data from all of these groups is then combined to
create a general life model that spans all examined temperature/voltage conditions.
Such a model can then be used to provide credible predictions of future life
performance. The following example is used to illustrate this general approach.

13.5.1
Experimental Approach Example

As considerable investment in time and money is expended in performing any
reliability assessment, it is important that the highest quality information be
obtained, which means that proper test samples are needed. Thus, the first step in
any study is to examine the group of capacitors that will be used to determine their
suitability as samples in an experimental design. They should be no better or no
worse than capacitors that will be available later and used in assembled systems.
Distributions of the important properties should be examined for normality.
Physical properties such as mass and dimensions as well as electrical properties
such as capacitance, equivalent series resistance, leakage current, and discharge
energy should be measured and the statistics examined. Capacitors in the sample
group with properties that clearly deviate from a normal distribution are suspect
and should be excluded from the study. Scatter plots can be used to assist with
assignment of samples to the different aging groups. The goal is to randomly
populate each aging group with representative capacitors.

This approach is illustrated [8] using Panasonic AL-series electric double-layer
capacitors, which are single-cell components with a tubular shape having a spiral-
wound design. They are rated at 1.0 F with 2.5 V maximum operating voltage and
70 ◦C maximum operating temperature. Series resistance was measured at 1 kHz
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Figure 13.10 Experimental design used in the reliability study. Forty-eight capacitors were
assigned to nine test groups. Aging was performed at constant temperature with constant
applied voltage. The shaded region represents capacitor voltage and temperature ratings.

and capacitance was derived from the time needed to discharge with 0.5 A current.
After verifying that the properties of the capacitor samples fit normal distributions,
48 were assigned to nine separate test groups (Figure 13.10), ensuring that each
group contained samples with properties that spanned the range of each parameter.
As shown, the highest stress groups contained three capacitors and the lowest stress
groups nine capacitors. This uneven assignment anticipates expected failure rates
at the different stress levels. Failures are needed to determine life, and therefore
a larger number of samples are included at conditions having lower anticipated
failure rates. Four of the nine groups were at operating conditions above the
ratings of the capacitor (shaded region). Such conditions were included to increase
stress levels and thereby accelerate capacitor aging. The pattern of the groups in
Figure 13.10 (experimental design) was selected to permit the development of
a second-order life model – one having temperature–voltage cross terms. Many
other designs could have been used, some having fewer groups. An essential
feature of any good design is that it broadly spans the parameter space in which the
capacitors may be deployed. Additional details about the particular experimental
design shown in Figure 13.10 are discussed by Goltser et al. [4].

Capacitor performance is measured periodically at room temperature and with
enough frequency to show a smooth progression of performance changes, thus
allowing the exact time of failure to be determined by interpolation. Figure 13.11
shows the capacitance and resistance of the two 70 ◦C aging groups. These
parameters are normalized by the initial value of each capacitor. As shown,
capacitance monotonically decreases with time, while equivalent series resistance
monotonically increases with time. The six capacitors in the 2.4 V group have a
smaller rate of change in capacitance and resistance than the three capacitors in the
2.8 V group, consistent with Eq. (13.7). Observed behavior is usual for ECs – this
technology seldom shows discontinuous property changes in contrast with some
other storage technologies, secondary batteries, for instance, that often show step
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Figure 13.11 (a) Normalized capacitance and (b) normalized resistance for two groups
during aging at 2.4 V and 70 ◦C and at 2.8 V and 70 ◦C. Notice the monotonic decrease in
capacitance and increase in equivalent series resistance.

changes arising from catastrophic failures. Thus, almost any failure definition
can be used with ECs. A popular end-of-life definition often listed on product
specification sheets includes 30% capacitance loss and 100% series resistance
increase.

Using this common failure definition, the life of each capacitor can be precisely
determined through interpolation of the test data that brackets the failure time.
Figure 13.12 shows continuous-line model fits derived for resistance data from
each of the six capacitors aged at 2.6 V and 55 ◦C. Failure, here defined as reaching
twice the initial resistance value, occurs over a narrow ∼250 h range in time, from
1017 h to 1271 h. Failure times are used to derive Weibull life distribution models
for each group, as shown graphically in Figure 13.13 for the 2.6 V, 55 ◦C group. Data
points fall on a single straight line, meaning that the capacitor life in a group is well
represented by a Weibull distribution. For the Figure 13.12 group, the characteristic
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Figure 13.13 Weibull plot of life of the six Panasonic 1 F capacitors aged at 2.6 V and
55 ◦C, using series resistance doubling as the definition of failure. Note that failure times
fit a straight line, indicating good fit to a Weibull life distribution.

Table 13.2 Test groups, number of capacitors assigned to each group, test time, number of
capacitors that have failed after 6000 h of aging, and Weibull life distribution parameters.

Temperature (◦C) Voltage (V) Number failed Shape factor Characteristic life (h)

70 2.8 3 of 3 8 100
70 2.4 6 of 6 25 760
55 2.9 3 of 3 11 150
55 2.6 6 of 6 16 1180
55 2.4 6 of 6 11 3970
40 2.8 3 of 3 10 900
40 2.6 6 of 6 9 3145
40 2.4 0 of 9 — —
75 2.6 3 of 3 36 245

life is 1183 h and the shape factor is 15.7. Weibull parameters for all nine groups
used in this aging experiment were derived and are listed in Table 13.2. Note that
all capacitors reached defined failures during the study except those in the lowest
stress group (2.4 V, 40 ◦C), where not a single failure was observed during 6000 h
of aging.

Capacitors aged at different temperature/voltage conditions should still have
the same Weibull shape factor, provided that life is limited by a common failure
mechanism, for instance, irreversible chemistry, that is, an impurity reaction that
generates gas. One such example is the conversion of the adsorbed oxygen on
a carbon electrode to CO2 gas. The conversion rate (chemical reaction rate) is,
of course, strongly influenced by operating temperature and applied voltage and
indirectly related to capacitor life.



488 13 Reliability of Electrochemical Capacitors

Shape factors listed in Table 13.2 range from 8 to 36 and suggest that more than
one mechanism may be operating. However, there is considerable uncertainty in
the true values of the shape factors because only a small number of capacitors are
used in some of the groups. At a 95% confidence level, the tolerance of the Weibull
shape factor β is given by Abernethy et al. [1]:

β exp
(−0.78 × 1.96√

n

)
≤ β ≤ β exp

(
0.78 × 1.96√

n

)
(13.8)

where n is the number of capacitors in a group. This means that there is a 95%
chance that the ‘‘true’’ β will be positioned in the interval defined by Eq. (13.8). Small
group size widens the interval. The value 15 falls within the shape factor tolerance
of each group listed in Table 13.2, which implies that every group (experimental
aging conditions used in the study) is likely to have the same dominant failure
mechanism.

Taking the natural log of Eq. (13.7) yields the Arrhenius–Eyring life equation [9]

ln (τ ) = A + B/T + CV (13.9)

where τ is the characteristic life, T is absolute temperature in degrees Kelvin, V
is voltage, and A, B, and C are constants. At constant voltage, this reduces to the
common Arrhenius relationship, and at constant temperature, the equation reduces
to the Eyring relationship between voltage and life. Figure 13.14 plots Table 13.2
characteristic life data versus aging voltage for the eight groups (the lowest stress
group had no failures and thus an undefined characteristic life). As shown, life data
for each temperature in this semi-log format does not fall on lines that are perfectly
parallel as predicted by Eq. (13.9), suggesting temperature–voltage interactions.
Figure 13.15 plots Table 13.2 characteristic life versus 1/T , the reciprocal of the
absolute temperature, again showing that the data at constant voltage does not
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Figure 13.14 Table 13.2 characteristic life versus operating voltage for the Panasonic
capacitor example using series resistance doublings as the definition of failure.
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form parallel lines – voltage–temperature interaction terms are clearly needed to
better represent observed behavior.

Equation (13.10) describes a quadratic life model with a temperature–voltage
interaction term as well as second-order temperature and voltage terms.

log (τ ) = A + B/T + D × V + E/T2 + F × V2 + G × V/T (13.10)

Here, A, B, D, E, F, and G are constants, τ is the characteristic life of the capacitor,
T the absolute temperature, and V the applied voltage. The experimental design
(Figure 13.10) in this example was devised specifically to allow for the development
of a quadratic life response. Although one group has had no failures during the
first 6000 h of aging, and thus has an indeterminate characteristic life, information
from the other eight groups is sufficient to derive a quadratic life equation, Eq.
(13.11). The T in this equation is in Kelvin, and characteristic life τ is in h.

log (τ ) = −72.02 + 37080/T + 12.67V − 4482000/T2

−1.535V2 − 2376V/T (13.11)

Characteristic life data (Table 13.2) and the quadratic model predictions (Eq. (13.11))
are shown in Figure 13.16. The solid lines are predictions made using Eq. (13.11)
and fit all data points quite well, better than the noninteraction model. Predictions
made using the noninteraction model (Figure 13.14) differ greatly from those of the
interaction model (Figure 13.16) at voltages below 2.4 V, which was an unmeasured
region in this study. For example, the characteristic life at 2.0 V and 55 ◦C is
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Figure 13.16 Interaction model predictions (lines) of the capacitor life at four measure-
ment temperatures.

predicted to be ∼50 000 h using the noninteraction model and ∼12 000 h using the
interaction model. Similarly, the 2.0 V, 70 ◦C characteristic life is predicted to be
∼6000 h using the noninteraction model and ∼2100 h using the interaction model.

The characteristic life interaction model (Eq. (13.11)) can be used to derive
contours of constant characteristic life as a function of temperature and voltage, as
shown in Figure 13.17. The right-most contour is for a 2000 h characteristic life.
This means that if a large group of capacitors were aged at any T–V point on this
curve, 63.2% of them will have series resistance values double that of their initial
values after 2000 h. The next contour is for a 4000 h characteristic life. Again, a
group of capacitors aged at any point on this curve will experience 63.2% failures
(series resistance doubling) after 4000 h.

The projections shown in Figure 13.17 are made after only 6000 h of aging
time. Thus, locations of the 2000 and 4000 h contours are quite accurately placed
because groups of capacitors were aged at conditions on both sides of these curves.
Confidence levels decrease as projections extend into the future. The 8000 h contour
location is less certain, but certainly better than the more simplistic noninteraction
model with its overly optimistic predictions. The 16 000 h contour is a projection
that is made even farther into the future, ∼2.7 times beyond the actual experimental
aging time, so its exact location is even less certain. Nevertheless, the described
interaction model combines life data from eight different test conditions to allow
the best possible projections to be made. Confidence levels decrease at increased
times. Projections in time of a factor of 3 or more are often made and used in
engineering a system, depending on the application and the degree of risk assumed.
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13.6
Reliability of Practical Systems

Discussion to this point has assumed that cells in a series string were (i) all at the
same voltage at all times and (ii) all at the same temperature at all times. This,
however, is usually not found in practical systems, particularly those assembled
from hundreds of cells that are located in several separate interconnected modules
and operated dynamically in a changing environment, for example, a situation that
might be found in the storage system of a hybrid-electric city transit bus.

Voltage nonuniformity among cells in a series string will always exist, even with
active or passive cell voltage balance schemes, owing to the inherent variability
present within any group of nominally identical items. And second, there will
always be temperature nonuniformity among the cells that make up an energy
storage system, even when active or passive thermal management approaches are
used, again owing to inherent variability within any group.

With constant voltage applied to a string of series-connected cells, the leakage
current of any cell establishes its voltage. Voltage balance schemes are most
effective under these steady-state conditions. Here, the distribution of cell voltages
will be directly controlled by the balance system, for instance, the distribution of
resistance values when a passive resistor balance system is used. During transient
operation, the ESR of a cell establishes its voltage. Thus, the voltage distribution
of cells in a series string will be directly reflected by the distribution of cell ESR
values. In either case, a common voltage distribution found for large groups of
cells will be a normal (Gaussian) distribution.

Dynamic operation of any storage system generates heat. If the heat is not
uniformly dissipated, then system temperature will not remain uniform. Cells in
practical systems are often connected to heat sinks for thermal conditioning, but
this nevertheless leaves at least some degree of temperature nonuniformity owing
to the variability in the heat generated in each cell and the rate at which it is
removed.
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13.6.1
Cell Voltage Nonuniformity

The following example demonstrates the adverse effects that cell voltage nonunifor-
mity can have on life. Consider a system comprising series-connected cells having
a distribution of cell voltages described by a Gaussian distribution with an average
value V0 and a tolerance �V = ±0.1 V. Further, assume that 99% of the cells meet
this tolerance limit. Thus, only one cell out of every hundred will be outside the
0.2 V wide voltage band. The voltage probability density G(V) for cells having this
distribution can be mathematically represented by Eq. (13.12)

G (V) = A × exp [−1/2 [
(
V − V0

)
/0.039] 2] (13.12)

where V0 is the average voltage and A is a constant. This equation is plotted in
Figure 13.18a. For this example, also assume that a ‘‘0.1 V life doubling rule’’ is
obeyed, that cell life doubles with a 0.1 V decrease in voltage or falls to half the
value with a 0.1 V increase in voltage. Life dependence, normalized to the life of a
cell held at V0, is shown in Figure 13.18b.

In this example, it is obvious that voltage nonuniformity changes the life
distribution: cells operating at higher voltage will have shorter life and cells
operating at lower voltage will have longer life. The mathematical approach to
derive the probability density function of the sum of two random variables, in this
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Figure 13.18 (a) Gaussian distribution of voltages about V0 that is assumed to be the
voltage variability in a group of cells. The tolerance is ±0.1 V, and 99% of the population
is contained within this tolerance. (b) The dependence of characteristic life on voltage using
the ‘‘0.1 V live doubling rule.’’
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case life and voltage, is to perform a convolution integral of the two distributions
[10]. In effect, this new distribution can be thought of as the sum of many constant-
voltage distributions, each with a characteristic life derived using the doubling rule
and having a weight specified by the voltage distribution function. Figure 13.19
graphically shows three elements of the convolution integral – the life distribution
for cells at V0, V0 + 0.1 V, and V0 –0.1 V. (The heights of the curves at the two
voltage tolerance limits in this figure have been multiplied by 10 to better reveal
their shape.) As shown, the mean life of cells with voltage nonuniformity (the
convolution integral) is only slightly changed, but life is more broadly distributed
in time than the curve for cells held at constant V0.

With some distributions, convolution integrals can be performed analytically, but
in practice it is often too complicated for such a solution and the integral is done
numerically. The convolution integral of a Weibull distribution and a Gaussian
distribution was performed numerically for the illustrated examples.

For concreteness, consider a 100 cell module consisting of cells characterized by
a life that is well represented by a Weibull distribution with a shape factor β = 10
and a characteristic life α = 10 000 h when operated at voltage V0. Assuming these
cells have a Gaussian voltage distribution with 99% of them falling within a 0.1 V
band about V0, then taking the convolution integral (Figure 13.20) yields a life
distribution that can again be represented by a Weibull distribution but with β =
4.8 instead of 10 and the same α = 10 000 h. The peak width at half height doubles
from ∼2500 h for the original distribution to ∼5000 h in the resultant distribution.

These new Weibull parameters can be inserted in Eq. (13.6) to derive the life
distribution of the 100 cell module with the specified voltage variability, α100 =
10 000/100(1/4.8) = 3831 h. Thus, cells with a characteristic life of 10 000 h in use
will have a characteristic life of 3831 h, or 38% of the original life when operated
in a 100 cell module having a distribution of voltages characterized by a Gaussian
with 99% of the cells within 0.1 V of the average voltage.

In this example, the shape factor β is reduced to about half its original value when
only a very small degree of voltage variability is introduced, which significantly
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increases the number of cell failures at shorter times and adversely affects the life
of systems comprising series-connected cells. The ‘‘bottom line’’ is that even a
small degree of cell voltage nonuniformity in a system can significantly reduce its
life.

13.6.2
Cell Temperature Nonuniformity

Irrespective of the sophistication used to establish temperature uniformity among
cells in a large capacitor storage system, there will always be some distribution
of temperatures, owing at least to cell manufacturing variability. The 10◦ rule
(Eq. (13.7)) holds approximately for EC technology, that is, that a 10 ◦C decrease
in temperature will double the life of a cell, effectively shifting the distribution
that represents cell life to values two times longer. This approximation provides
a means of examining the influence of nonuniform temperature on the life of a
group of cells comprising a module. Thus, a cell on the hot end of a module that is
10◦ higher in temperature than a cell on the cold end will have half the life of the
cooler cell. As the cells are usually in a series string, this can represent a serious
situation, because the hotter cell will, in fact, dictate the life of the entire system.

In an EC module, there may be many series-connected cells, and we assume
that they all have the same voltage. In the real world, this assumption is almost
always met because manufacturers of high-voltage modules usually include cell-
voltage-balancing electronics, whether a simple parallel resistor string or an active
voltage-equalizing circuit.

The module design may also contain thermal management features, especially
in modules intended for use in continuous high-rate cycling applications. Such
designs often attempt simply to prevent any one cell in the system from ever
exceeding its maximum temperature rating – isothermal operation is usually not a
design goal. Because heat generation is not uniform owing to cell property variability
plus uneven heat removal rate from the cells, cell temperature nonuniformity is
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Figure 13.21 Photograph of an electrochemical capacitor module containing 20 cells an-
chored to heat fins to provide cooling. Air flow direction is into the page from this view.
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Figure 13.22 (a) Side view of a string
of cells on a heat sink as shown in
Figure 13.21 with cooled air flowing from
the left. The resulting temperature profile is
at the top. (b) The temperature probability

density for this 1D example with cooling
from one direction. The number of cells at
each temperature in the range between T0
and Tmax is constant.

certain. This nonuniformity decreases system life, the magnitude dependent on
the cell temperature probability density.

As a first example (1D), consider a module composed of a group of cells anchored
to cooling fins as shown in the photograph in Figure 13.21 of an 18 cell module
[11]. Air movement along these fins provides cooling. One end of the module
will be cooler than the other, the one at the cooling air source. This design
will have a temperature profile as shown in the schematic in Figure 13.22a – a
monotonic temperature rise from air inlet to air outlet. This 1D example has cells
evenly spaced in temperature between a maximum and a minimum value, thereby
creating, except for cell granularity, a constant cell temperature probability density
as shown in Figure 13.22b.

As a second example, this time with 2D heat flow, consider a group of cells
mounted on a square heat sink, with cooling applied to the perimeter of the square
such that this boundary is always maintained at a constant temperature [12]. Such
boundary conditions can be realized using, for instance, liquid cooling. Thus, with
uniform heat generation from each of the cells (again ignoring cell granularity),
there will be a circular hot spot in the center of the square, nearly concentric
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Figure 13.23 (a) Constant temperature con-
tours for a square module with cooling on
each edge of the square. Heat is generated
and delivered uniformly over the area. The
highest temperature is at the center (red cir-
cle) and (b) temperature probability density

for the square module. The number of cells
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edge) is greater than the number of cells at
higher temperatures (near the center of the
square).

isothermal circular rings around this hot spot at progressively lower temperatures,
and then even lower temperature contours that morph from circular to square shape
to satisfy the boundary condition. Figure 13.23a shows isotherms for this example.
Note the symmetry. The temperature gradient is largest near the boundary of the
square and highest at the center of each side. Temperature probability density
for this 2D example is shown in Figure 13.23b. It is relatively flat for cells at
high temperatures and increases for cells at low temperatures, that is, there are
more cells at the minimum temperature than at the maximum temperature.
From the relationship between temperature and life, the small decrease in the
high-temperature end of the cell temperature probability density (being shifted to
the low-temperature end) will enhance system life over that of the 1D example
examined earlier. Thus, changing the thermal management design from 1D to 2D
reduces the number of cells in the upper temperature range, decreasing system
thermal stress.

And as a third example, consider a module in the shape of a cube with each
face cooled to the same uniform temperature (Figure 13.24a). Again, liquid cooling
is one means to achieve this boundary condition. Ignoring granularity from the
discrete cells, heat will be generated uniformly throughout the cube volume,
producing the maximum temperature at the cube center. Isothermal contours
near the middle of the cube will be spherical and concentric. A cross-section
slice through the center of this module that is parallel to a cube face would have
temperature contours exactly as those shown in the 2D example. Note that the
temperature gradient is steepest at the center of each cube face, indicating that
maximum heat flux occurs at these six locations. This example with 3D cooling
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Figure 13.24 (a) Cubic module with cooling applied to all six faces – the boundary condi-
tion is each face is held at a fixed temperature. (b) Temperature probability density for a
capacitor module in the shape of a cube with this boundary condition. There are few cells
at the highest temperature and many more at the lowest temperatures.

produces a much different temperature probability density (Figure 13.24b) than
the previous two examples.

As shown, cube geometry has fewer cells at high temperatures and more cells at
low temperatures than the previous two examples. This is not surprising because
distance from the maximum heat-extraction location (center of each cube face) to
the hottest location (cube center) is less for a system with 3D cooling geometry
than it is for an equivalent volume system employing either 1D or 2D cooling.
The geometry of this third example positively impacts cell life – it has substantially
fewer hot cells. Next examined is the impact on life that occurs from having such
temperature probability densities in a module.

The life distribution of a module comprising many cells that are not uniform in
temperature, including effects from having them connected in series, can be derived
using a sequence of steps. This involves starting with the cell life distribution (at
isothermal conditions), using the 10◦ rule that relates cell life to temperature,
incorporating the cell temperature probability density determined by the module
design, and finally deriving module life from the number of series-connected cells
it contains.

This sequence is illustrated step-by-step using as an example a 100 cell module
with a 1D thermal management design. Here, we assume (for simplicity) that cells
are uniformly distributed in temperature over a 10 ◦C range and that they can
be accurately represented by a Weibull distribution having a characteristic life of
1000 h and a shape factor of 10.

Figure 13.25a shows the temperature probability density, and Figure 13.25b
shows the life–temperature relationship. With temperature variability, the cell
life distribution changes as discussed – lower temperature cells will have a longer
characteristic life, and higher temperature cells will have a shorter characteristic
life. Thus, the width of the life distribution having nonuniform temperature cells
should increase. The life distribution modified by a temperature distribution is
derived by performing a convolution integral, as previously discussed. Because the
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Figure 13.25 Reliability calculation for a
module with cooling from one direction: (a)
temperature probability distribution of cells
assumed to span a 10 ◦C range, (b) nor-
malized life of cells per equation (13.7), and
finally (c) life probability density (convolution

integral) for a group of cells with a 10 ◦C
span in temperature. Three elements of the
integral are shown, life for the minimum and
maximum temperatures and life for cells at
the midpoint in temperature.

temperature probability density is uniform, the new distribution is equivalent to
the sum of an infinite number of constant temperature distributions, each having
equal weight and a relative life shown by Figure 13.25b. Figure 13.25c shows
the life distribution (convolution integral) when cell temperatures are uniformly
distributed over the range ±5 ◦C, the convolution constituent with no temperature
variability (at T0), and the convolution constituents at the two limits, T0 + 5 ◦C and
T0

− 5 ◦C.
The shape of the life distribution with ±5 ◦C temperature variability

(Figure 13.25c) is grossly distorted from the original constant temperature Weibull
distribution. The peak of the new distribution is shifted to shorter times, to
∼750 h from ∼1000 h, with increased failures at short times. Such behavior was
expected – cells having temperatures above T0 will have characteristic life values
shifted below the peak of the original isothermal life distribution curve.
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The cell life distribution with the ±5 ◦C temperature tolerance in this 1D example
(Figure 13.26a) is poorly represented by a Weibull distribution. Thus, Eq. (13.6)
cannot be used. Instead, the general definition of reliability of a string of cells
where one cell failing means the entire string fails (Eq. (13.4)) can be used to
numerically derive the life of a 100 cell module constructed using the cell life
distribution with a 10 ◦C span in temperature between the hottest and coldest cells.
Steps include calculating cumulative failures (integral of curve), determining the
surviving cells, which equals 1 minus the cumulative failures, raising this to the
100th power to derive surviving 100 cell strings, and differentiating 1 minus this
function to determine system life distribution, shown graphically in Figure 13.26b.
The life distribution of 100 cell modules with 1D thermal management is shown
in Figure 13.26c. Note that the peak of the module life distribution curve occurs
at ∼650 h, well below the ∼1000 h value of the original cell distribution under
isothermal conditions. The ‘‘bottom line’’ is that the ±5 ◦C cell temperature
nonuniformity does indeed shift the life distribution to a significantly shorter time.

13.7
Increasing System Reliability

While cell durability is a fundamental limitation for many systems, it is system
reliability that must be addressed. The reliability of any higher voltage system will
always be lower than that of its constituent cells. In some applications, reliability is
utterly critical, for example, in applications such as manned space flights. NASA
uses redundancy (adding backup systems) to increase reliability. A second and
perhaps even a third system is often included as backup in case of failure of a
critical system. This is an expensive approach that generally cannot be afforded
in size, mass, and cost in most applications. Other less costly approaches are
available to increase capacitor system reliability. They include reducing stress
applied to individual cells, performing component ‘‘burn-in,’’ using fewer series-
connected cells (lower system operating voltage), using longer life cells, adding
scheduled maintenance and, again, adding redundancy. Each of these approaches
has advantages and disadvantages, which are discussed here.

13.7.1
Reduce Cell Stress

System reliability is strongly influenced by cell temperature, cell voltage, and
uniformity of temperature and voltage among cells in a system. Thus, a most
obvious approach for increasing reliability is to reduce the stress levels, which
could include improving the thermal management system to lower the average
cell temperature and/or increase the overall temperature uniformity. It also could
include reducing the average voltage applied to each cell. Cells are routinely operated
at reduced voltage in practical systems to help meet life requirements – maximum
operating voltage on cells in a typical system is generally 10 to 15% below the rating.
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Figure 13.26 Derivation of the life distri-
bution for 100 cell modules. (a) Cell life is
assumed to be represented by a Weibull
distribution having a characteristic life of
1000 h, a shape parameter of 10, and a
10 ◦C range of temperatures with equal
number of cells at each temperature
(Figure 13.25 result). (b) Sequence of cal-
culations needed to derive the module
life distribution. This includes calculating

cumulative failures (integral of curve); de-
termining the surviving cells, which equals 1
minus the cumulative failures; raising this to
the 100th power to derive surviving 100 cell
strings; and differentiating 1 minus this func-
tion to determine system life distribution,
shown in (c). Note that the peak of the sys-
tem curve is at ∼650 h, well below the cell
value of ∼1000 h.
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This does, of course, increase the number of cells required in a series string to
meet voltage requirements but this approach usually leads to a substantial increase
in system life.

13.7.2
Burn-in of Cells

Except for temperature and voltage stress reduction, one of the simplest and
often most effective approaches to increase system reliability is to ‘‘burn-in’’ the
group of cells before use [13]. Burn-in generally consists of holding cells at some
particular voltage and temperature for a specified time, often at rated voltage
and maximum operating temperature, although slight overstress conditions are
sometimes used. All cells exhibiting early failure (infant mortality) are thus
eliminated from use right at the beginning. Burn-in also helps stabilize cell
performance, and thus cell measurement information can be used to select those
cells most suitable for use in a system, which would be those most uniform and
totally free of any ‘‘strangeness.’’ Tighter cell property distributions can produce
system-life distributions that approach the maximum possible value. After-burn-in
cell property data is also useful for identifying manufacturing quality problems.

13.7.3
Use Fewer Cells in Series

Figure 13.8 demonstrates the impact that series-connected cells have on system
life – shorter strings generally offer longer life. Thus, reconfiguring a system to
have fewer cells in a string but with more strings in parallel can provide benefits.
The total number of cells remains approximately the same, but system operating
voltage will be lower. Care is needed when reducing system voltage, of course, so
as not to create a temperature nonuniformity problem owing to additional heat
generated from operation at higher currents. Systems comprising cells with strong
wear-out behavior (β � 1) are least helped by reducing system operating voltage,
while those having cells with a smaller shape factor (β ∼ 1) will realize the most
life-augmenting benefit.

13.7.4
Use ‘‘Long-Life’’ Cells

One strategy to increase system reliability is to construct it from cells with
increased reliability. Most commercial ECs ultimately fail by gas generation within
their package, that is, unwanted chemistry often associated with impurity reactions.
Smaller cells tend to have relatively more ‘‘dead space’’ than larger cells and thereby
provide relatively more volume for gas accumulation. Thus, the smallest cell in a
capacitor product family often is the one providing the highest reliability.

Cell design strongly influences cell reliability. Another strategy to increase cell
reliability is to redesign cells for long life at the expense of some other characteristics,
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for instance, energy density or specific energy. As an example, cells that have life
limitations related to water or other impurities passing through seal materials may
benefit by using a different seal design or by adding a second seal. Or if impurity
entry is by permeation through the package itself, then use of a thicker wall package
may be helpful. The strategy is to reduce the significance of a dominant failure
mode.

There are other design-related factors that impact system reliability. Generally,
heat removal and thereby temperature uniformity is easier to maintain using
smaller packages. Thus, a system comprising more number of smaller size cells
may provide reliability advantages over fewer larger size cells in high-cycle-rate
operation.

Vibration susceptibility is strongly design related. Smaller, lower mass cells
generally are more robust to shock and vibration than large cells. Thus, pairs of
parallel-connected half-size cells may provide reliability advantages over full-size
cells in applications where vibration is a dominant stress factor.

In summary, care must be exercised to use cells that are well suited for the
application. This requires intimate knowledge of both the application and the cell
design.

13.7.5
Implement Maintenance

Scheduled maintenance is also a means to improve reliability. This is a common
approach used by the military, for instance, where regular service and/or replace-
ment is the policy, whether needed or not. The properties of an EC cell do establish
its state of health, which can predict the need for maintenance if a regular schedule
is not kept. And finally, visual inspections of cells and interconnects for signs of
deterioration such as corrosion can be performed to prevent system failure. There
are, of course, labor costs involved with this approach, but it is nevertheless a
proven way for improving reliability.

13.7.6
Add Redundancy

Redundancy, although costly, is perhaps the ultimate solution to increase reliability
and certainly justified in particular applications. NASA relies heavily on this
approach. The mathematics of active redundancy is well established. With N
identical systems in parallel and only one needed for operation, reliability is
described by

Rp (t) = 1 −
N∏

i=1

[
1 − Ri (t)

]
(13.13)

where Ri is the reliability of a single system. If there are N identical systems in
parallel and k are needed to operate, the reliability is described by
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Rp (t) =
N∑

j=k

[
N
j

]
[R (t)]j[1 − R (t)]N−j (13.14)

where [
N
j

]
= N!(

N − j
)
!j!

(13.15)

Active redundancy usually does not provide much gain in terms of increased
system life because only one system is needed, while the additional systems are
present, operating, and all wearing out at the same time.

Better than active redundancy is a procedure where the backup system does not
become active until the moment the first system stops functioning properly. This
‘‘standby’’ redundancy is more economical and provides more gain. If one system
is required and an extra one is available, life is doubled. Two extra systems then
provide three times the life, and so on.

In summary, the reliability of a capacitor system is generally lower than that of
its constituent cells. While cell durability is the fundamental limitation for many
applications, particularly at high voltage, it is the system reliability that matters. A
detailed analysis is required to determine the optimum system configuration.

13.8
System Design Example

13.8.1
Problem Statement

A hybrid diesel-electric city transit bus is used as an example to demonstrate
the sequence of steps that can be followed to design a capacitor energy storage
system that meets both functional and reliability requirements. In this example,
the power profile applied to the storage system is as shown in Figure 13.27, which
is determined from the speed and mass of the bus. This profile has 90 kW peak
discharge at the end of bus acceleration and 150 kW peak deceleration at the start
of regenerative braking. The engine charges the storage system at 5 kW during
constant speed driving (10–25 s) and during the time that the bus is stopped (30–45
s). Such triangular-shaped power ramps indicate that velocity changes are made at
constant acceleration. The 45 s power profile is repeated continuously and models
storage system performance requirements. In this example, the bus travels at an
average speed of 15 mph (which may be high for some cities – average bus speed
in Manhattan is reported to be only 7.6 mph).

For this example, assume bus design engineers have specified that energy storage
system operation will be in the 300–600 V range and its operating temperature
maintained at 45◦ ± 5 ◦C. Thus, all capacitor cells in the system will operate in a
40–50 ◦C temperature band. Financial considerations usually dictate the thermal
management system’s temperature tolerance.



504 13 Reliability of Electrochemical Capacitors

−150.00K
0 10 20 30

Time (s)

Hybrid vehicle power profile

5 kW capacitor charging 5 kW capacitor charging

Acceleration

Regeneration

40 50

−100.00K

−50.00K

0.00K

50.00K

100.00K
Power (W)

Figure 13.27 Power profile applied to the
hybrid bus energy storage system. The bus
accelerates at constant rate with peak power
at 90 kW and stops at constant deceleration
with peak power at −150 kW. The engine

charges the storage system at 5 kW during
constant speed driving (10–25 s) and while
stopped (30–45 s). This 45 s power pro-
file is repeated continuously and is used to
model storage system power requirements.

Minimum bus reliability is specified as 98% for 50 000 miles and 80% for
200 000 miles (12 years’ operation). This second longevity stipulation arises from
regulations covering the expenditure of government transit funds. Thus, a city that
buys 100 buses will need to have the capacitor storage systems on at least 98 buses
provide 50 000 miles of service and on at least eighty buses provide 200 000 miles
of service.

The manufacturer of the capacitor cells selected to use in the bus storage system
specifies them as having less than 30% capacitance loss and 30% ESR increase
during aging at 65 ◦C and 2.5 V for 2000 h, with less than 1% of the cells failing.
Cells, as determined by previous testing, can be modeled as a series-RC circuit with
RC = 1.3 s. Furthermore, the cells are known to fit a Weibull life distribution having
a shape factor β = 10. Capacitor life is assumed to follow standard rules – life is
doubled for every 10 ◦C decrease in operating temperature or 0.1 V decrease in
operating voltage.

13.8.2
System Analysis

Step one is to size the storage system to meet performance requirements over the
specified life. As the capacitor will have experienced a 30% increase in ESR and/or
a 30% decline in capacitance at the end of its life (by definition), the storage system
must be oversized by 30% so that application requirements are exactly met after
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Figure 13.28 Voltage of two capacitors ini-
tially charged to 600 V and subjected to the
Figure 13.27 power profile. The beginning
of life capacitor is rated at 6 F with 0.21 �

ESR. The end-of-life capacitor, which spans
the entire 600–300 V operating voltage win-
dow, has 30% lower capacitance (4.6 F) and
30% larger ESR (0.28 �).

reaching this degree of performance fade. System ESR is treated the same way. An
optimum capacitor storage system will span the entire voltage window each cycle,
since energy is not delivered by or stored in a capacitor unless its voltage does
change.

Figure 13.28 shows the response of a 4.6 F capacitor (ESR = 1.3/4.6 = 0.28 �)
initially charged to 600 V and then subjected to the Figure 13.27 power profile.
While the power ramps from 0 to 90 kW, capacitor voltage declines from 600 to the
minimum allowed value of 300 V. Then the capacitor is partially charged at 5 kW
before regenerative charging begins at 25 s, followed by the constant 5 kW power
recharge to the initial value. The beginning of life solution (where the capacitor is
30% larger and has 30% lower ESR: C = 6.0 F and ESR = 0.21 �) is also shown
in this figure. In this case, the minimum voltage reached is ∼390 V, well above
the minimum value due to its oversizing but necessary to compensate for normal
performance fade. Common circuit analysis software can be employed, using an
iterative procedure to size the capacitor system.

Note that according to Figure 13.28 capacitor voltage is at ∼ 575 V for about half
of the time, a condition that defines the stress on the system. Capacitor voltage at
other times is substantially lower and applies negligible stress because of the 0.1 V
doubling rule. This maximum stress level condition will later be used to determine
the number of cells needed in a series string to meet reliability specifications.

The two specified reliability requirements can be recast remembering that the
average bus speed is 15 mph, and that stress is applied during only half of this
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time. Thus, 2% of the bus storage systems are allowed to fail in 1/2 × 50 000/15 =
1667 h and 20% of them are allowed to fail in 1/2 × 200 000/15 = 6667 h. Eq. (13.3)
with β = 10 allows characteristic life values to be calculated, which for the 50 000 h
requirement is α = 2463 h at 575 V and is α = 7746 h at 575 V for the 200 000
requirement. The first requirement (α = 2463 h at 575 V) is automatically met when
the second more stringent requirement is met. Then the storage system reliability
requirement (with β = 10) can be distilled to: capacitor system characteristic
life αsystem must equal 7746 h minimum when held at 575 V and maintained at
45◦ ± 5 ◦C.

The capacitor storage system will need to have about 600/2.4 = 250 cells in series
to meet system voltage requirements. Equation (13.6) relates the reliability of a
string of cells to the reliability of the cells in the string. Thus, the characteristic life
of a cell must be α1 = α250 × (250)1/10 = 7746 h × 1.74 = 13 500 h. Note that the
multiplier is quite insensitive to the exact number of cells in series because of the
large shape factor – the multiplier is 1.70 for M = 200.

Although the cell temperature distribution is not specified in this example, only
that all cells fall within a 10 ◦C wide band, this level of nonuniformity will, as shown
in an earlier section, decrease system life substantially, which is estimated to be a
factor of 2 for this example. Thus, cells used in this system must have a characteristic
life αcell = 27 000 h minimum.

13.8.3
Cell Reliability

The capacitor cells used in this application experience less than 1% failure after
aging at 65 ◦C and 2.5 V for 2000 h. Here, the definition of failure is 30% capacitance
loss and/or 30% ESR increase. The cells are known to fit a Weibull life distribution
and have a shape factor β = 10. Capacitor life is assumed to follow standard
rules – life is doubled for every 10 ◦C decrease in operating temperature or 0.1 V
decrease in operating voltage.

From Eq. (13.3), selected cells have a characteristic life α = 2000/[−ln(0.99)]0.1 =
3168 h. This is at 2.5 V and 65 ◦C. The application needs αcell = 27 000 h at 45 ◦C.
There is a 8.5-fold discrepancy between offered and needed life! Equation (13.6)
and Figure 13.9 show how temperature and voltage reductions can increase life.
First, dropping the temperature from 65 to 45 ◦C increases life fourfold. Second,
reducing the cell voltage from 2.5 to 2.29 V increases life 2.2-fold. Together,
these operational changes provide the 8.5-fold increase in cell life needed to meet
reliability specifications of this application.

Use of 600/2.29 = 262 cells, each operating at 2.29 V or less in a 45◦ ± 5 ◦C
environment, meets functional and reliability specifications of this application
example. Finishing the design, the capacitor storage system at the beginning of life
will be rated at 6.0 F with an ESR of 0.22 �. Each cell will need to have at least a
262 × 6 = 1572 F capacitance rating with a 0.8 m� maximum ESR rating.

If the cells were to operate at their rated voltage of 2.5 V, the number required
would be 240. By adding only 22 cells, about 10% of the total, the system can meet
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the 12 year requirement of 80% reliability. The mismatch between the life of the
cell and the life of the application was met by derating cell operating voltage from
2.5 to 2.29 V and reducing the average temperature to 45 ◦C. The resultant system
will be heavier and more costly, but only by ∼10%. At the end of 12 years, storage
systems in 80 of 100 buses should still be in operation because the capacitor system
has been designed to achieve this level of performance.
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14
Market and Applications of Electrochemical Capacitors
John R. Miller

14.1
Introduction: Principles and History

Electrochemical capacitors (ECs), often referred to as supercapacitors or ultracapac-
itors, store charge physically just as other types of capacitors do. But ECs differ
in that they store tremendously greater amounts of charge, owing to the use of
very high-surface-area electrodes with electric double-layer charge storage on that
surface. The combination of a very small ‘‘plate’’ separation with a very large
plate area yields devices with what, when they first appeared, were unheard-of
capacitance values [1].

Physical charge storage does not rely on chemical reaction rates, as with batteries,
which often limit power performance. Because of this, ECs, compared to other
electrochemical devices such as batteries, enjoy essentially unlimited cycle life and
have very high-power capability on both charge and discharge. They also deliver
exceptionally low-temperature performance, even at −40 ◦C. Last but not least, ECs
age gracefully, seldom exhibiting catastrophic failure. Credible life predictions are
thereby rendered unproblematically, a feature that makes ECs especially valued in
applications requiring high reliability.

Capacitors based on double-layer charge storage were first patented by General
Electric in 1957, but never commercialized. Subsequent double-layer capacitor
designs patented by Standard Oil of Ohio (SOHIO) led to a commercial product in-
troduced by the Nippon Electric Corporation (NEC) in 1978. Their Supercapacitor
was rated at 5.5 V, with capacitance values up to 1.0 F. These ∼5 cm3 sized or
smaller devices were used as battery substitutes to provide backup power for
volatile CMOS (complementary metal oxide semiconductor) computer memory.
Currently, these and other types of EC products are available from several dozen
manufacturers around the world, and in sizes, easily held in one hand, of up to 9
kF or larger [2].

In the past, ECs and the market for them were something of a world apart from
those of other capacitor types because EC properties and performance differed
so greatly from conventional capacitors. EC capacitance per weight or volume is
unmatched by any other technology, but compared with conventional capacitors

Supercapacitors: Materials, Systems, and Applications, First Edition.
Edited by François Béguin and Elżbieta Fr ¸ackowiak.
 2013 Wiley-VCH Verlag GmbH & Co. KGaA. Published 2013 by Wiley-VCH Verlag GmbH & Co. KGaA.
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they have a very limited life at elevated temperatures. Further, ECs cannot charge or
discharge quickly enough to be used for AC line filtering applications [3]. Despite
this, however, they can still charge and discharge much more rapidly than can any
battery technology, including the high-power lithium-ion batteries that are currently
popular. As a result, electric double-layer capacitors are often used to complement
batteries in applications with rapidly varying power requirements, electric and
hybrid-electric vehicles being prominent cases in point. In some applications, they
can even replace batteries.

14.2
Commercial Designs: DC Power Applications

14.2.1
Bipolar Designs

The general design of EC devices is shown in Figure 14.1, a cross section of an
EC cell. There are two regions of active material, the two electrodes, generally of
the same material and the same thickness, with a microporous separator between
them, all bathed in an electrolyte. Sandwiching this at both top and bottom are
current collectors for charge and discharge of the electric double layer located
on the surface of the electrode material. Typical electrode thicknesses are ∼100
µm for nonaqueous electrolytes and somewhat thicker with aqueous electrolytes.
Separator thicknesses are typically 25 µm, with current collectors commonly
∼50 µm thick.

The 1978 NEC Supercapacitor with H2SO4 as the electrolyte was marketed
under license from SOHIO. Its primary use was, as mentioned earlier, CMOS
memory backup, enabling applications to retain memory in the event of line power
interruption. Figure 14.2 shows a product of this design, a 1 F capacitor rated at
5.5 V. At the left of the photograph is the stack of eight cells connected in series
that enabled the device to operate at rated voltage. The cell stack is contained in a
metal crimp package as shown on the right. As this 1 F capacitor used eight cells
in series, each cell had to be 8 F. And owing to the fact that there are actually two
capacitors in series within each cell, each electrode in each cell had to be about
16 F, yielding 256 F of capacitance in this 1 F device. This device stored ∼15 J of
energy in a ∼10 cm3 volume.

NEC has several different families of aqueous electrolyte EC products rated at
5.5 V, each optimized for a different performance, for example, low self-discharge
rate or high-energy density or high-power density, and so on. Each of these early
products was characterized by bipolar construction, that is, cells stacked one atop
another, making external interconnects totally unnecessary. This is shown at the
left in Figure 14.2, where current flows perpendicularly to each of the eight stacked
cells. These ECs were used in applications where they were discharged over a
period of many seconds, minutes, hours, days, and sometimes even months, their
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Figure 14.1 Cross section of an electrochemical capacitor cell.

Figure 14.2 NEC Supercapacitor.

sole purpose being to provide DC power to keep volatile memory alive or to power
clock chips. In such applications, ECs served as a direct substitute for button cell
batteries.

Over the years since the NEC product introduction, this same bipolar design has
been used by other EC manufacturers. Examples are shown in Figure 14.3, two
aqueous electrolyte and one organic electrolyte EC. The ECOND (diameter 9 in.)
and the ELIT (width 11 in.) capacitors, both produced in Russia, use KOH rather
than H2SO4 as the electrolyte. They were optimized for high-power delivery at low
temperatures and used, among other applications, for starting diesel locomotive
and other heavy diesel engines, particularly under cold conditions where the
demand for high cranking power is greatest.

The third EC of bipolar design in Figure 14.3 uses an organic electrolyte, which
is an ammonium salt in propylene carbonate (PC) solvent. This EC was developed
in Japan by the Meiden Corporation for a broad range of industrial applications,
especially those connected with power quality. One attractive feature of the bipolar
design is that it makes it easy to achieve high voltages in a small package. The
ECOND capacitor is rated at 64 V and stores 60 kJ of energy. The ELIT capacitor
is rated at 24 V and stores 50 kJ, and the Meiden EC (on the right) is rated at
160 V and stores 60 kJ. These products are all developed for high-rate-discharge
applications and each uses a bipolar design.
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ELITECOND

Figure 14.3 Electrochemical capacitors having bipolar designs. The ECOND capacitor is
rated at 64 V, the ELIT at 24 V, and the Meiden capacitor at 160 V.

14.2.2
Cell Designs

The most popular design currently is a ‘‘cell’’ design using an organic electrolyte,
that is, a single packaged cell with an organic electrolyte. Typical cells of larger size
EC products are measured in kF, a common unit of measurement for ECs. Such
cells can be externally connected in series to provide higher working voltage or in
parallel to provide higher capacitance value. Figure 14.4 shows an assortment of
products having this cell design. Maxwell Technologies (United States) has cells
of the style shown, which are available in an assortment of different sizes from
650 F to 3 kF, all rated at 2.7 V. The Batscap (France) cell is rated at 2.7 V, 5 kF
with other sizes available up to 9 kF. Manufacturers Nesscap (Korea), LS Mtron
(Korea), and Ioxus (United States) offer cells of this general design, most commonly

LS CableMaxwell

NichiconBatscap Nesscap

Nippon Chemi-Con

Ioxus

Figure 14.4 Electrochemical capacitor cells, each using an organic electrolyte. Voltage rat-
ings are 2.5 or 2.7 V, depending on the manufacturer. Cells are connected in series to pro-
vide higher working voltage.
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1400 F/2.5 V 7,444 pcs/system

Figure 14.5 EC system designed to provide MW levels of power for several seconds.

using an organic electrolyte containing acetonitrile solvent. Nippon Chemi-Con
and Nichicon, among other Japanese companies, offer cells with organic electrolyte
containing PC solvent. Groups of these cells are connected externally in series to
form modules. Depending on the application, modules can be interconnected to
create systems that provide 300 or 700 V or even higher voltage levels to match
application requirements.

Many applications use ECs to supply DC power. Figure 14.5 shows one such
application, a large system that provides ∼2 MW of power for several seconds
[4]. As shown, this system comprises 7444 cells connected both in series and in
parallel to achieve that level of performance. The motive for using ECs in such a
situation is because they have extremely high reliability compared with alternative
approaches, batteries, for instance. An EC’s state of health and state of charge can
be precisely known at any given moment. This application can provide short-term
power backup for an entire factory that has high-value work in process, for example,
a semiconductor foundry, where the loss of power for even a fraction of a second
could be very costly. Short-term power from such a system can cover the majority
of interruptions of the utility grid since these are generally less than a few seconds’
duration. Longer term outages naturally require the use of chemical energy (liquid
fuel with a backup generator) to provide power for a longer time. Capacitor systems,
with their high cycle life and fast charge, cope easily and effectively with the general
run of short-term power outages.

14.2.3
Asymmetric Designs

A significant advance in EC technology was made in the early 1990s by ESMA
of Moscow, creator of the asymmetric EC design [5]. In this design, one of the
electrodes relies on electric double-layer charge storage while the other relies on
faradic charge storage as is found in a battery electrode. The capacity of the faradic
electrode is generally many times greater than the capacity of the double-layer
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Figure 14.6 All-electric bus powered by ESMA asymmetric electrochemical capacitors.

charge storage electrode, the source of the ‘‘asymmetric’’ name and the reason for
such good cycle life and high-power performance. This design can greatly increase
the energy density of an EC. It can also greatly reduce the self-discharge rate. The
ESMA product uses NiOOH as the positive electrode and activated carbon as the
negative electrode, with KOH as the electrolyte. Depending on the capacity ratio
of the electrodes, this allows specific energy values from several Wh kg−1 up to
>10 Wh kg−1. Of course, the higher the ratio of the battery electrode capacity to
the capacitor electrode capacity, the higher the cycle life, but the specific energy
and energy density will be lower. ESMA capacitors have been optimized in several
different ways. One very interesting optimization is for the application shown in
Figure 14.6, an all-electric bus [6]. This bus is powered only by a bank of asymmetric
ECs, which stores ∼30 MJ (8 kWh) of energy. The range of the bus is limited to
∼15 km. Operation is restricted to a shorter circular route in an exhibition park
outside of Moscow, allowing it to be charged at the end of each circuit in less than
15 min. A genuine breakthrough in EC technology, this design continues to attract
considerable attention currently.1)

The year 2010 saw a similar transportation solution implemented in Shanghai,
which has a fleet of capacitor-powered buses that are charged while passengers
embark or disembark at bus stops. Figure 14.7 shows this bus with its charging arm
extended vertically at a bus stop [7]. The charging time is about 20 s, after which
the bus proceeds as a fully electric vehicle to the next bus stop, where charging
once again takes place. The suspended catenary electric lines seen in conventional
electric bus or trolley systems are absent, not only creating a visually more attractive
solution to the delivery of bus power, but, in many cases, a less expensive one since
electric power need be provided at only several fixed locations rather than being
available all along the travel route. Route flexibility is increased as no catenary line
is needed, making it possible for the bus to go from one charging station to several
other different charging stations, depending on transportation demands. This fleet
of Shanghai buses represents a signal advance over the original ESMA circular
route configuration.

1) Asymmetric ECs using organic electrolytes with lithium salts (so called lithium ion capacitors or
LICs) have experienced rapid development in recent years.
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Figure 14.7 Capacitor-powered bus in Shanghai.

Over the years, ECs have been used in a great variety of other DC applications.
One is in flashlights to power light-emitting diodes (LEDs). Figure 14.8 shows two
examples of such EC-powered devices. The flashlight in (a) can be charged either
by the solar cells located on the top of the flashlight body or by being plugged
into the USB port of a computer [8]. Charging by the solar cells takes about 1 h
in direct sunlight, while charging from the USB port takes only several minutes.
The flashlight in (b) is an industrial grade product with three LED bulbs that can
produce an intense beam of light for up to 2 h [9]. It can be recharged in a mere 90 s
for another 2 h of operation. Perhaps the most impressive is the claim that it can
operate in this manner for up to 50 000 cycles, making it essentially maintenance-
free and thus producing extremely low life-cycle cost. Presently marketed to fire and
police departments, it is much lighter than conventional primary battery-powered
flashlights, with much higher reliability and the availability of up-to-the-moment
information on its state of charge. Capacitor power in these flashlights also extends
the range of low temperature operation.

Yet another interesting DC application is the Coleman portable screw gun shown
in its charging stand in Figure 14.9, where ECs (no batteries) power an electric
motor for driving screws [10]. The number of screws it can drive before recharging

(a) (b)

Figure 14.8 Capacitor-powered LED flashlights.
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is limited to perhaps several dozen; however, since charging requires only about
a minute, this presents no great problem. This tool is particularly popular with
homeowners, since its capacitor power source has virtually unlimited shelf life with
quick recharge possible right before each use, averting the usual complaints made
by infrequent users of battery-powered screw guns.

These are some of the applications that have succeeded the original CMOS
memory backup uses for which ECs were first brought to the market. All are DC
power applications, of various sizes from city transit buses down to flashlights and
handheld drills.

14.3
Energy Conservation and Energy Harvesting Applications

The next group of commercial applications to be discussed is those that require both
charging and discharging of the storage element. Most prominent at present in the
market are those applications that have to do with energy conservation – the capture
and reuse of waste energy. In many of the present day industrial applications,
significant quantities of energy are naturally available for such capture and reuse,
provided that suitable storage media are available. EC technology is fast becoming
the preferred medium for this purpose, owing to its rapid and efficient charging,
its high cycle life, and very long operational life.

14.3.1
Motion and Energy

To get a clearer sense of the quantity of waste energy available for harvesting,
consider the kinetic energy of moving masses at different speeds as shown in
Figure 14.10. A 5 t mass moving at 30 mph has kinetic energy equal to ∼500 kJ,
and a 1 t mass moving at 60 mph has ∼400 kJ. If we look, on the other hand, at
the potential energy of a mass raised to various heights, as shown in Figure 14.11,
we see that a 5 t mass lifted 10 m has ∼500 kJ of potential energy. One metric ton

Figure 14.9 Coleman-capacitor-powered portable screw gun in charging stand.
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Figure 14.10 Kinetic energy of a moving object with the listed mass at different speeds.

lifted 30 m has ∼300 kJ of potential energy. There is, clearly, much less energy
involved in motion or in position than one might expect. Thus, the opportunity for
energy harvesting need not, in many cases, require the use of a large-size storage
system, but it does require that the system be capable of efficiently storing energy
during the time when it becomes available, for instance, during a braking event of
a heavy hybrid vehicle such as a city transit bus. Here, normal braking lasts from
5 to 10 s, which is the total span of time available for kinetic energy to be captured
and stored.

The amount of energy captured and stored in a regenerative braking event by two
state-of-the-art technologies, lithium-ion battery and EC, is shown in Figure 14.12
[11]. Here, the amount of energy captured by each of the two technologies during
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constant-current charge and the amount of energy stored in the charging process
are plotted versus charging time. Stored energy is captured energy that is available to
perform subsequent work. In this comparison, charging was to the manufacturer-
recommended upper voltage limits. The capacitor was initially at half its rated
voltage and the battery at 10% state of charge. As shown, with charging times
longer than ∼10 min (600 s), the battery has a ∼15 times specific energy advantage
over the capacitor. However, at shorter charging times, the battery has less specific
energy, while the capacitor value remains relatively constant. For example, during
a 100 s charge, the battery captures about five times more energy than the capacitor
on a weight basis. For a 10 s charge, specific energy capture is approximately
the same for both technologies, but the capacitor can discharge ∼95% of the
amount captured, while the battery can only discharge ∼50% of what it captures.
Thus, the capacitor, in effect, has twice the specific energy of the battery during a
10 s regenerative energy capture event. Batteries, of course, cannot be repeatedly
operated with such fast charging because of unacceptable temperature rise, high
stress levels that can reduce operational life, and potential safety concerns. Batteries
must be oversized to make them practical in such short-charging-time applications.
Battery ‘‘super-sizing,’’ in effect, increases the charge time (shifts the operating
point on the curve in Figure 14.12 to the right), making the specific energy of the
two technologies surprisingly similar and disproving to a great degree the most
common belief that batteries have higher specific energy than capacitors in typical
hybrid vehicle applications.

14.3.2
Hybridization: Energy Capture and Reuse

Turning to examples, the first gas-electric heavy hybrid vehicle in the United
States to use an EC storage system was a city transit bus demonstration project
led by NASA in 1997 [12]. The bus stored 1.6 MJ (444 Wh) of energy in a
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Figure 14.12 Comparison of the capture and storage of energy in an electrochemical
capacitor and a lithium-ion battery.



14.3 Energy Conservation and Energy Harvesting Applications 519

20 F, 400 V aqueous electrolyte EC system. This project aimed to learn whether
capacitor storage could overcome common problems found with earlier hybrid
bus battery storage systems. These problems included inadequate operating life,
limited current capability on charge and discharge, difficulty in accurately knowing
the storage system’s state of charge and, in some cases, problematic safety issues.
The hybrid demonstration bus with EC storage met established performance goals,
clearly showed that many battery-related problems could be overcome, and became
the progenitor of a large number of city transit buses having EC energy storage
systems. According to one source, more hybrid city transit buses use capacitor
storage currently than do battery storage systems [13].

Over and above operating performance differences, there is an associated eco-
nomically quite important maintenance difference between battery and capacitor
systems [14]. In the case of New York City’s maintenance requirements, battery
hybrid buses need two maintenance workers to perform electrical system service
work: one to watch while the other, fully suited in high-voltage protective gear, does
the work. Capacitor hybrid buses, on the other hand, having had their storage sys-
tem fully discharged before any maintenance work, present no unusual electrical
hazards. Neither additional personnel nor any hampering voltage-protective gear
are necessary.

Diesel-electric hybrid trash vehicles have also been constructed using EC storage,
again an application with many start/stop cycles daily [15]. Energy savings result
from efficient capture and storage of the braking energy generated with each stop.
As with transit buses, there have been a number of very successful programs
illustrating that energy conservation is readily achieved through the hybridizing of
such large vehicles.

One remarkable energy conservation application is the Komatsu hybrid excavator
shown schematically in Figure 14.13 [16]. The digging function remains hydraulic
but turret rotation has been electrified and therefore hybridized. Normal operation
includes repetitive ∼90◦ bucket rotation, bucket dump, and bucket return to the
original position, a wasteful start/stop operating cycle when performed at high
rates. Electric turret rotation, in conjunction with a capacitor storage system, yields
reported fuel savings of 30–40%, depending on the mode of operation. Needless
to say, this is the first wave of a very popular approach for conserving energy that
can only grow in the future.

Another application is shown in Figure 14.14, a light-rail electric train with an
onboard EC storage system to store regenerated braking energy [17]. This diesel-
electric vehicle has a limited amount of capacitor storage on its roof, as shown,
but achieves substantial energy savings. These savings depend, of course, on the
frequency of stopping, but for train stations separated by 4 km, ∼30% energy
savings are achieved. With 10 km station separation, ∼18% energy savings are
reported.

Figure 14.15 shows a rubber-tired gantry crane that moves shipping containers
at seaports, including sorting, stacking, and loading them onto trains or truck beds
after they have been unloaded from ships. This sort of vehicle moves considerable
distances and so is not well suited for grid connection, as are the large stationary
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Figure 14.14 Onboard electrochemical capacitor storage system for a light-rail system.

cranes used in the first instance for unloading the ships. In the gantry crane, a diesel
engine is used to drive an electric generator that powers the motors for propulsion
and container lifting/lowering. This is an ideal application for energy harvesting in
that the load is first lifted and then this exact same load is dropped, approximately
the same distance for each movement. This makes for a very predictable cycle,
much more so than the operation of a city transit bus in traffic that generally
accelerates and decelerates in a very nonperiodic manner. As shown in the figure,
the capacitor storage system has been located on one of the uprights of the crane,
a relatively small addition but one that still produces ∼40% fuel savings and very
significant emissions reductions [18]. Fuel savings come about for several reasons.
First of all, the diesel engine that powers the generator does not need to be sized
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Capacitor storage

Figure 14.15 Rubber-tired gantry crane that has been hybridized using electrochemical
capacitors.

for lifting the maximum load since some fraction of the power can be derived
from stored energy, thus making possible the use of a smaller, less expensive, and
more fuel efficient engine. Second, energy normally wasted as heat when the load
is lowered back to the ground can be recovered, stored, and used for subsequent
lifting operations. Gantry cranes such as this are seeing widespread use in seaports
in the Far East and have proved themselves over and over again. The amount
of energy storage needed is just not that great, and the capacitor system can be
designed to be fully charged and fully discharged every cycle with no challenge to
its cycle life.

14.3.3
Energy Conservation and Efficiency

In Figure 14.16, energy stored in an EC module can be used to rapidly heat the
fusing roll of a copy machine [19]. The capacitor storage makes it possible for
the machine to avoid idling continuously, with the associated energy waste such
idling produces. Heating can thus be performed immediately before use, and at
considerable energy savings. Owing to the limitations of the power that can be
derived directly from a standard wall socket, the fusing roll can be heated much
more quickly through use of the stored energy, generally much less than 1 min,
which is in sharp contrast to the approximately 5 min normally required for normal
heat up. Savings through this sort of application are widespread, with many similar
examples to show how stored energy can help in reducing energy waste caused by
equipment idling.

14.3.4
Engine Cranking

Another class of applications that exploits the high power of capacitors, particularly
at low temperatures, is internal combustion engine starting. Historically, ECs were
used in Russia specifically for cranking engines at low temperatures. ECOND’s
stated objective was to develop capacitors that could be used to effect reliable
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starting of diesel locomotive engines in sizes up to 3000 HP. ELIT also developed
ECs for engine cranking, and in the early 1990s reported successful development
of a product optimized for this application [20]. Engine cranking is even more
significant now owing to the need for the conservation of fuel and the reduction of
emissions. There is some US legislation that greatly restricts engine idling, whether
by over-the-road trucks or by school buses, to periods of very short duration. Again,
this is a matter not only about energy conservation but also about air quality. In
order to be assured that an engine will start after a stop, dependable and powerful
cranking is utterly necessary. ECs have increasingly become that source of cranking
power. Several papers, which discuss the various aspects of engine cranking using
ECs, are available [21–26].

Saft America recently licensed the ESMA asymmetric EC technology to manufac-
ture capacitors in the United States for engine cranking applications [27]. One of the
most outstanding characteristics of this asymmetric capacitor for this application
is that its self-discharge rate is among the lowest of all electrochemical storage
technologies. ESMA-developed cranking capacitors have, in fact, a self-discharge
rate that is much lower than lead acid batteries. They can be charged and still,
months later, have sufficient charge remaining to crank a large diesel engine. This
is an important characteristic for applications that may see infrequent use, as, for
instance, in pleasure boats, private airplanes, and military vehicles. This is also
important for use in safety applications that will hopefully only see infrequent use.

Engine cranking will become commercially more and more important with the
start/stop vehicles that are now on the drawing boards and will appear soon on the
road, initially in Europe. Here, the engine is fully stopped when the vehicle is not
moving (absolutely no routine idling), with a restart when the gas pedal is depressed.
There are various storage sources being considered for this start/stop application,
ECs being among the most attractive owing to their high-power performance, quick
recharge, and essentially unlimited cycle life. Engine cranking uses promise to
become worldwide in practice, and ECs are anticipated by many to be the preferred
storage source technology for this application.
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14.4
Technology Combination Applications

14.4.1
Battery/Capacitor Combination Applications

Some applications derive great benefit from combining an EC with a battery.
This can provide a more optimum solution for the application than could either
technology alone, a solution that often will uniquely meet both energy and power
requirements. Engine cranking is one example. In order to meet the high-power
requirements of the crank cycle at low temperature, batteries on the vehicle must
be greatly oversized. Although only a small fraction of the total energy available
from a battery is actually used in a starting operation, oversizing is necessary in
order to provide the power required for cranking. Combining a smaller battery with
a capacitor creates a situation where a smaller and lighter system is better able to
meet application requirements.

On a smaller scale, there have been many combinations of batteries and capacitors
in portable electronics, ranging from digital cameras to laptop computers to
wireless communication equipment. Such combinations divide power and energy
functions, using the two components together so as to better meet the application
requirements. One reported combination of a capacitor in parallel with a battery in
a particular digital camera brought about an increase of some 50% in the number
of pictures that could be taken, a very significant improvement in performance [28].
Similarly, in one wireless communication device, small capacitors that are added
in combination with batteries provide a several-fold increase in operating time. It
is the high-power performance and unlimited cycle life of ECs that make them so
attractive to combine with high-energy batteries.

14.5
Electricity Grid Applications

14.5.1
Storage and the Utility Grid

Much emphasis is now being placed on improving the reliability of the electricity
grid in the United States and elsewhere. One very promising way to do this is to
add storage. This is particularly true with regard to generation sources that may
not be completely dependable, for example, wind or solar power, which fluctuate
according to weather conditions. Having stored energy to help ride through periods
when there is little or no power generation can certainly make such sources more
valuable.

Many studies have been conducted to determine what types of storage, given
considerations of duration, size, and cost, would be best for electricity utility
purposes. One particularly interesting US Department of Energy (DOE) report [29]
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published in February of 2010 identified some 20 different applications for the
electricity grid where storage would provide benefits. Durations considered were
from seconds and minutes up to many hours. One area especially worthy of note is
the load shifting associated with day/night bulk storage. Here, the storage system
is filled at night, when there is excess generation but low demand, and then used
the next day when demand would be highest. This involves a storage time of up to
about 12 h.

The important metric in this application is storage cost per unit of energy. Most
storage media are simply too expensive. Lead acid batteries, for instance, have an
energy storage cost of ∼$0.30 kWh−1 when used for this purpose, lithium-ion
batteries even higher. At the other extreme of cost is pumped hydro storage, which
involves lifting water uphill to a storage reservoir at night and allowing it to flow
back down the next day to generate electricity. Storage costs for this approach are on
the order of $0.01 kWh−1 per cycle. The DOE recently solicited proposals to develop
bulk storage technology [30] that would result in a storage cost of $0.025 kWh−1.

ECs may offer a solution for bulk energy storage, particularly asymmetric
ECs using aqueous electrolytes [31]. Such devices do not have the same manu-
facturing costs that symmetric organic electrolyte ECs have; for example, there
is no need for carbon drying nor the requirement for hermetic metal pack-
aging. Furthermore, asymmetric capacitors can be designed so that they will
meet, but not exceed, the cycle requirements. Approximately 5000 cycles have
been determined to be the appropriate number necessary for the day/night bulk
storage application, given that only one cycle per day is involved. Two asym-
metric EC systems have been discussed for this application. One has a lead
oxide positive electrode with an activated carbon negative electrode and sulfu-
ric acid electrolyte, a configuration that should offer 2 V operation and have a
specific energy of ∼19 Wh kg−1 [32]. The second asymmetric EC system has
been described as having a sodium intercalation electrode and a double-layer
charge storage electrode, with a neutral pH aqueous electrolyte [33]. Both these
asymmetric ECs have the potential to provide storage and offer a cycle life for
economic viability. The relatively low cycle life and various other limitations of
the described technologies render them unsuitable for many nonstationary appli-
cations such as in hybrid vehicles, but for stationary applications where neither
size nor mass are matters of real concern asymmetric EC technology holds great
promise.

14.6
Conclusions

What becomes clear in a review such as this, covering applications in markets
as diverse as consumer electronics, transportation, energy conservation, energy
harvesting, power quality, and the utility grid, is that the role ECs play in shaping
the quality of modern life and technological experience has grown greatly over the
years and promises to grow still further. Technologies for energy storage differ
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greatly, not only in principle and conception but also in the distinctive range of
applications for which they are most suited. What ECs bring to the table across
the panoply of the present day rapidly expanding market areas is their high-power
performance, unlimited cycle life, and their near-invulnerable reliability.
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– designs 513–516
asymmetric EDLC 93, 171

b
Batscap (France) cell 512
batteries, comparison with capacitor 72–73
– of charge and discharge behavior 74
battery-powered flashlights 515
‘‘battery-type’’ electrode 93
battery-type energy storage devices 72
Becker, H.I. 75
binders 322–325
– adhesion and cohesion parameters

322–323
– advantage of coating 323
– carbon black impact on volumetric and

gravimetric capacitances 325–326
– conductive additives 325–326
– electrode–current collector interface and

323
– impact on aging performance 324
– PTFE 323–324
– PVA (polyvinyl alcohol) or CMC

(carboxymethylcellulose) coated 323
bipolar designs of ECs 510–512
– construction process 510
– electrode thicknesses 510
– separator thicknessess 510
– using organic electrolyte 511
bis(trifluoromethanesulfonyl)imide 82
bituminous coal, KOH activation of 139
Bjerrum treatment for ion pair formation 30
Bode impedance plot 123
Bode plots 122
Boltzmann factor 30

Born energy 13
Born equation 9
– testing 9
Brunauer-Emmet-Teller (BET) surface areas

84, 138–139, 215, 297, 317
bulk electrolyte resistance 116
bulk solution 62
Butler–Volmer equation 55, 121
– multistep 57–58
butylene carbonate 82
1-butyl-3-methylimidazolium

hexafluorophosphate (BMIM-PF6)
electrolyte 97, 191

1-butyl-3-methylimidazolium nitrate
(BMIM-NO3)

– BMIM+ ions on electrodes, contribution of
200

– density near electrodes 198

c
capacitance 70. see also pseudocapacitance
– of acidic electrolyte 221
– carbon black, impact of 325–326
– carbon electrode/ionic liquid interface 291
– carbon electrodes 298
– C/C composite electrodes 218
– characterization of 374–375
– diffuse layer of electrolyte 174
– double-layer 75, 78, 132
– electric double-layer capacitor (EDLC)

138–141
– endohedral capacitors 189
– impact of particle size on electrode density

320–322
– measurements in cyclic voltammetry

116–117
– measurements of galvanostatic

cycling 119
– microporous template carbons 156–159
– nitrogen-enriched carbons 217
– normalized (capacitance per unit area) 79
– normalized vs pore size 143
– positive and negative, of CDC 145
– space charge layer 175
– testing of 443, 456
– uncertainty testing of 465
– volumetric 139–140
capacitor-powered buses 515
capacitors 69
– classification 70
– difference with battery 72–74
– energy E (J) stored in 71
– main factors of 70–71
– maximum voltage during discharge 71
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– parallel plate 70
– primary attributes of 71
– principles 70–71
– resistance of 71
– types of 69
carbide-derived carbons (CDCs) 86, 142, 167
– bare cation and solvated cation capacitance

measurement 145
– galvanostatic cycling of cell in ACN + 1 mol

l−1 Et4NBF4 electrolyte 146–147
– as model materials for study of ion

adsorption 142
– normalized capacitance vs pore size 143
– pore size distribution 142
– porosity characteristics of 142
– positive and negative electrode capacitance

measurement 145
– three-electrode cell CVs of 144–145
carbon aerogels 138
carbon-based EDLC 135–138
– activated carbon fabrics 137
– activated carbon powders 135–137
– carbon aerogels 138
– carbon nanotubes 138
carbon-based electrochemial capacitors,

classes 167
carbon/carbon aqueous asymmetric devices

279–280
carbon electrode/ionic liquid interface

291–292
– capacitance 291
– effect of IL chemistry and temperature on

the structure 292
– spectroscopy studies 291–292
carbon electrodes 297–298
– capacitance values 298
– disordered template carbons 298
– high capacitance response 297–298
carbon/iodide electrochemical system 228
carbon/iodide interface, electrochemical

behavior of 226
– during long-term cycling at a high current

density 227
carbonization, oxygen-rich precursor for 215
carbonization products 219
carbon nanotube array (CNTA) 213
carbon nanotube forests (CNTFs) 197
carbon nanotubes (CNTs) 83, 138, 208
– capacitive behavior in EMI-BF4 IL electrolyte

155
– internal RTIL ions associated with

156–157
– nonmonotonic change of 155
– role in conduction paths 209

carbon onions 167
carbon/RuO2 device 280–281
carbons, porous texture of 151–153
carboxylic groups (COOR) 215
cathodic transfer coefficient 57
cavity microelectrode (CME) 148–149
C/C composite electrodes 217–218
– capacitance vs current load for 218
cell balancing system 80
cell components of supercapacitors
– activated carbon 312–317
– binders 322–325
– conductive additives 325–326
– current collector 309–312
– electrolytes 327–343
– industrial activated carbons for industrial

317–319
– particle size distribution of activated carbons

and its optimization 319–322
– separators 343–345
cell design for supercapacitors
– aqueous-based electrolyte unit cells 351
– energy cells 349–351
– high-power cells 348–349
– large cells 347–348
– main processes 346–347
– pouch cell 351
– prismatic vs cylindrical cells 351–352
– small-size components 347
cell potential 3
charge on a good conductor 37
charge storage mechanisms 93
charge transfer at interface 49–57
– act of charge transfer 53–55
– Butler–Volmer equation 55
– redox charge-transfer reactions 50–53
– relation between k0 and I0 56–57
– in terms of standard rate constant 56
– transition state theory 49–50
charge-transfer resistance 60
charge-transfer step, rate of a 59
chronopotentiometry 117
CNT-based nanoarchitectured electrodes

138
CNT/MnO2 91
Coleman portable screw gun 515
complementary metal oxide semiconductor

(CMOS) 509, 516
concentrated electrolyte solutions 27–29
– concentration correction 28
– difference between the real and apparent

concentrations 28
– ion-hydration correction 28
– Stokes–Robinson equation 27–29
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concentration correction 28
concentration dependence 59
conduction heat transfer 397–399
conductive additives for binders 325–326
conductive polymers 87
conductivity of an electrolyte 327–331
– organic 328
π -conjugated polymer chains 208
constant phase element (CPE) 126
coordination number 16
Coulomb’s law 37
counter electrode (CE) 111
current collector 309–312
– cost-efficient solutions for 310
– method to improve adhesion between

electrode and 311
– nonetched 312
– nonetched aluminum 312
– working in aqueous medium 311–312
– working in organic electrolyte 310–311
C–V correlation on electrode potential

199–201
cyclability of supercapacitors 134
cyclic voltammetry 64, 115–117
– accuracy of 115
– of an activated-carbon-based supercapacitor

116
– capacitance measurements 116–117
– irreversible faradic reactions 116
– i–V curve 116
– of MnO2 and RuO2 118
– Q vs V, 116
– two voltage boundaries 116
cyclic voltammetry on a nanoporous carbon

cloth (ACC) 225
cyclic voltammograms (CVs) 141

d
DC–DC converter 73
Debye–Huckel limiting law 25–26
– approximations of 26–27
Debye–Huckel Model for calculating potential

at surface 21–22
Debye–Huckel theory 23
Debye length 24
– for monovalent electrolytes 174
de Levie analysis 126
density functional theory 139
dicyanamide 82
dielectric constants for organic electrolytes

173
diffuse layer of electrolyte 173–175
– capacitance of 174
– Debye length 174

– effective thickness 175
– GCS model 173, 175
– in ILs 190–191
– in series 173
diffusion coefficient 33
diffusion of solution 61–62
diffusion statistics 35–36
dilute solutions of nonelectrolytes 16–17
dimethyl carbonate (DMC) 134
dimethylimidazolium chloride (DMIM-Cl)

199
dissymmetrization principle 317
doping/undoping process 208
double-layer capacitance 75, 78, 132
double-layer capacitors 74–75, 124
– capacitance 75
– cell capacitance in series 78
– compact layer 75
– construction 77–86
– diffuse layer 75
– distribution of capacitance in porous

electrodes 77
– electrode–electrolyte interface 75, 78
– equivalent circuit model 77
– factors determining 75–76
– heuristic model 76
– movement of electrolyte ions within 76
– porous materials model 75–77
– practical use of 75
– redistribution of ionic concentration profile

76
drift speed of ion 32
dual carbon lithium-ion capacitors (LICs)

99–100
Dubinin–Raduskevich micropore 139
Dynacap 307
dynamic electrochemistry
– charge on a good conductor 37
– electrically charged interface or double layer

32–36
– electrochemical potential 39
– force between charges 37
– mass transport control 61–64
– potential (φ) at a point 36–37
– potential due to an assembly of charges

37–38
– potential inside a good conductor 37

e
ECOND capacitor 511
ECP–AC asymmetric hybrid devices 92
Einstein equation 33
Einstein –Smoluchowski equation 36
electrical characterization of supercapacitor
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– capacitance and series resistance
characterization 374–375

– double-layer capacitors, characterization of
376

– efficiency 394–395
– energetic performance and discharging at

constant current 387–389
– energetic performance and discharging at

constant load 394
– energetic performance and discharging at

constant power 389–393
– ESR characterization 376–378
– IEC62391 series of directives for testing

376
– Ragone concept 381–387
– self-discharge and leakage current

378–381
– supercapacitor conditioning 376
electrically charged interface or double layer

39
– Bockris, Devanathan, and Muller Model

46–49
– charge transfer at 49–57
– charge-transfer resistance 60
– concentration dependence 59
– Gouy–Chapman or Diffuse Model 42–43
– Helmholtz model 40–42
– of ideally polarized electrode 40
– multistep processes 57–61
– rate-determining step 58–59
– Stern model 43–45
electric charge on each electrode, ratio of

70
electric double-layer capacitor (EDLC) 73
– approach to increasing Vmax 290
– in aqueous electrolytes 193–196
– capacitance vs pore size 138–141
– carbons used for 135–138, 170
– cell voltage 81
– charge storage in 170
– classical theories for 172–176
– co-ions, role in 199
– dielectric constant of vacuum 132
– ‘‘diffuse layer’’ 173–175
– double-layer capacitance 132
– electrical characteristics 133–134
– electrode materials used 83–86
– electrolytes used in 169
– elements of 169–172
– endohedral capacitors 171–172
– evidence of desolvation of ions 141–148
– exohedral capacitors 171
– Helmholtz and Stern model 133
– Helmholtz model 172

– high surface area activated carbons 114
– impedance of 114–115
– industrial 131
– internal resistance 80, 82
– ionic liquid (IL) electrolytes in 169
– low-temperature behavior 134
– mesopores and micropores 197
– in organic electrolytes 196–197
– overall performance of 80
– polarization at electrode/electrolyte interface

132
– pore accessibility limitation 148–150
– porosity saturation limitation 150–153
– potential of zero charge (PZC) 170
– relative dielectric constant of the electrolyte

132
– representation of 79
– in room temperature ILs 197–201
– space charge layer 175–176
– specific (gravimetric) capacitance of an

electrode 78
– specific surface area (SSA) of nanoporous

carbons in 170
– surface area variations, impact 133
– theories 189–191
– types of electrolytes in 80–83
– van der Waals attractions 199
– variation in radii, effect of 171
– voltage limitation of 239–242
– volumetric and gravimetric capacitance of

electrode materials 79
electricity grid applications 523–524
electric wire-in-cylinder capacitor (EWCC)

76
electrochemical capacitors (ECs), 69. see

reliability concepts of ECs; testing of
electrochemical capacitors

– asymmetric EC designs 513–516
– battery/capacitor combination applications

523
– bipolar designs 510–512
– cell designs 512–513
– effective surface areas (SA) 71
– electricity grid applications 523–524
– electrode–electrolyte interface 71
– energy conservation and energy harvesting

applications 516–522
– functional position of 72
– mode of energy storage and construction

73–74
– specific energy and power capabilities of

72
– specific energy of 74
– storage and utility grid 523–524
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electrochemical cell 111–114
– electrochemical test configurations 112
– electrode impedance 113
– equivalent electrical circuit of 112
electrochemical energy storage 373
electrochemical impedance spectroscopy

119–123
electrochemical potential 39
electrochemical stability window (ESW)

290
– of imidazolium-based ILs 296
– PYR14TFSI 296
electrochemical workstation 111–112
electrode–electrolyte interface double layer

75, 78
electrolyte activity 18–19
electrolyte penetration 125
electrolytes of supercapacitors
– choice of solvent 331
– conductivity of 327–331
– degradation of ACN-based electrolyte

334–335, 339
– electrochemical stability and aging

331–338
– impact on performance 327–340
– improvement using ‘‘spiro’’- type

salts 329
– ionic liquid 341–342
– liquid-state 340–341
– solid-state 343
– thermal stability and performances

338–339
– toxicity 339–340
electromotive force of the cell 3
electronically conducting polymers (ECPs)

87–92
– asymmetric electrochemical capacitors

91–92
– composites 91
– ECP/CNT nanocomposites 208
– electrochemical behavior of ECP/CNT

composites 210
– MWCNT/ECP composites 210
– positive effect of nanotubes and/or

graphenes in 209
– pretreatment of the nanotubular material,

need for 209
– supercapacitor application of 208–212
electrosorption of hydrogen 222
electrostatic adsorption–desorption at

electrode 93
ELIT capacitor 511
endohedral capacitors 171–172
– models for 176–185

– upper-bound capacitance of 189
energy conservation and energy harvesting

applications of EC
– in cranking engines 521–522
– energy conservation and efficiency 521
– hybridization 518–521
– motion and energy 516–518
enthalpy of hydration of the anion 15
equilibrium electrochemistry
– chemical reaction at equilibrium 5
– Eh–pH diagram 6
– Gibbs energy 1–3
– maximum amount of electrical work of

electrochemical cell 3
– Nernst equation 5
– relation between zero-current cell potential

and 3–4
– spontaneous chemical reactions 1
equivalent series resistance (ESR), 71
ethyl-methyl-immidazolium-trif

luoro-methane-sulfonylimide (EMI-TFSI) IL
154, 157–158, 292, 297–300

Et4NBF4 electrolyte 146–147, 154, 161
Et4NBF4 (tetraethylammonium

tetrafluoroborate or TEABF4) 327–328
‘‘exclusive solvation’’ phenomenon 155
exohedral capacitors 171
– models for 187–189
– positive curvature of 188
exohedral electric double-cylinder capacitor

(xEDCC) 187–188
extent of reaction 1

f
Faraday constant 4, 39, 122
faradic metal oxide electrode 93–94
faradic reactions of electrolytic solutions

226–231
faradic water decomposition 222
Fick’s first law 33–34, 62
Fick’s second law 33–34
(fluoromethanesulfonyl)imide 82
force between charges 37
formaldehyde 138
free energy of solution per mole of reference

ions 21
– calculation of 24
fuel cells (FCs) 420
– power management 421–433
fuel cell vehicle converter 431
fugacity 16–17
Fuoss treatment for ion pair formation

30–31
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g
galvanic cell 5
galvanostatic cycling 117–119
– capacitance measurements 119
– Q vs V, 118
– resistance measurements 119
– voltage variation, calculation of 118
gamma-butyrolactone (GBL) 82
generic chemical reaction 2
Gibbs–Duhem equation 18
Gibbs energy
– chemical potential or molar 1
– composition of the reaction mixture at

equilibrium 2
– defined 1
– Eh–pH diagram 6
– infinitesimal change at constant

temperature and pressure 2
– relation between zero-current cell potential

and 3–4
– standard 5–6
glassy carbon (GC) electrodes 292
gold capacitors 74, 307
graphene materials 191
– nitrogen plasma treatment of 222
graphite electrode, formation cycles for

preconditioning 245
graphite-negative electrode 244

h
halide-based systems 229
heavy electric vehicles (EVs) 289
Helmholtz layer 172–173
Helmholtz model for parallel-plate capacitors

176
Helmholtz plane 114
Henry’s law 16–17
heteroatoms, pseudocapacitive effects of

214–215
HF charge-transfer loop 126
hierarchically porous carbon materials,

models for 185–187
high-capacitance supercapacitors 309
high field approximations 58
highly oxygenated carbon, method of

preparing 216
high-surface-area-active carbon electrodes

134
hybrid capacitor systems 242. see also

lithium-ion capacitor (LIC)
hybrid diesel-electric seaport cranes 289
hybrid-electric vehicles (HEVs) 289
– lithium-ion batteries 290
– power-assisted HEVs 290

hybrid lead acid battery 96
hydration number 16
hydrogen
– electrosorption on nanoporous carbon

electrodes 226
– galvanostatic charge/discharge curves 224
– pseudocapacitance 222
– temperature effects 224
– TPD analysis of 224
hydroquinone 231

i
ice, structure of 10
imidazolium 293
impedance of a porous electrode 125
industrial EDLC 131
infinite dilution 18, 20
iodide-based electrolyte 229
– constant current charging/discharging

curves for 229
iodide ions
– Pourbaix diagram of 226
– striking effect of 227
ion-buffering reservoirs 185
ion cloud
– radius of, at various concentrations of NaCl

26
– thickness of. see Debye length
ion dynamics 32–36
– diffusion 33
– drift speed of ion 32
– Fick’s second law 33–34
– molar conductivity of the ion 32
– net rate of change of concentration 34
– rate of movement of charge 32
ion-hydration correction 28
ionic liquid codes 303
ionic liquids (ILs) 292–296
– application 296
– based on imidazolium and pyrrolidinium

cations 296
– chemical/electrochemical and physical

properties 293–294
– chemical formula of ions 295
– conductivity 293–295
– electrochemical reduction and oxidation

295
– hydrophobicity of 295, 297
– imidazolium-based 296
– for large-size EDLCs 296
– PYR1(2O1)TFSI-based 300
– pyrrolidinium-based 296
– PYR14TFSI-based 300
– as salts in organic solvents 296
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ionic liquids (ILs) (contd.)
– solvent-free 296
– TFSI-based 296
– Walden plots 295
ionics
– activity and activity coefficients 16–20
– Born or simple continuum model 8–9
– concentrated electrolyte solutions

27–29
– electrostatic interaction 8
– equations of single ionic species 9
– heats of hydration for ions 15
– ion dynamics 32–36
– ion–ion interactions 20–27
– ion pair formation 29–31
– ions in solutions 6–7
– ion–solvent interactions 7
– reversible work to charge an ion 8
– reversible work to discharge an ion 9
– solvation number 16
– structure of water 9–15
– thermodynamics 8
ion–ion interactions 20–27
– activity coefficient 24–25
– in an explicit equation in f ± 25
– approximating for ions of finite size

26–27
– charge density 22–23
– coulombic interactions between the ions

27
– Debye–Huckel limiting law 25–27
– Debye–Huckel Model for calculating

potential at surface 21–22
– Debye length 24
– difference between real and ideal solutions

24
– distance between their centers on collision

27
– free energy of solution per mole of reference

ions 21, 24
– ionic strength in molar units 25
– Poisson–Boltzmann equation 22–24
– potential energy of reference ion 21
ion pair formation 29–31
– Fuoss treatment 30–31
– and square of the concentration 30
isocyanate-based polymer 310

k
kinematic viscosity factor 64
knee frequency 125, 128
KOH activation of bituminous coal 139
Kornyshev’s model for EDL 190

l
lead acid batteries 524
lead dioxide (PbO2) 95–96
– asymmetric capacitor technology using

95–96
Lennard–Jones beads 199
Leyden jars 69
lifetime of an energy storage
– calendar life testing 415
– DC voltage test 415–416
– failure modes 411
– failure rate 410
– mean time between failure (MTBF) 410
– physical origin of aging 413–415
– temperature and voltage as an aging

acceleration factor 411–413
– voltage cycling test 417–418
Li-ion battery (LIB) 244
limiting current density 62, 64
LiMn2O4, mechanism of lithium removal

from 212
lithium-ion capacitor (LIC)
– cell configurations and mechanisms 243
– drawbacks 244
– limited charging rate 244
– Li+ predoping for 245–246
– low-temperature performance of 245
lithium-ion capacitor (LIC) 98–100
– lithium manganese oxide (LiMn2O4) 99
– lithium titanate (Li4Ti5O12) 98–99
lithium-ion intercalation/deintercalation

process 100
lithium titanate (Li4Ti5O12) 247
– advantages 248
– carbon nanofibers (CNFs) (Li4Ti5O12/CNF)

248
– electrochemical and structural changes

248
– Li4Ti5O12/AC hybrid 247
– nc-Li4Ti5O12 negative electrode 249
– as a redox material for hybrid capacitors

247
low-capacitance supercapacitors 309
low-temperature behavior of supercapacitors

134

m
manganese dioxide (MnO2) 97–98, 258
– activated carbon/MnO2 device 274–277
– asymmetric MnO2-based ECs 278
– carbon/MnO2 composites 213
– conductivity of the positive carbon electrode

226
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– cyclic voltammograms in a three-electrode
cell of 278

– energy density 258
– incorporation into asymmetric cell

configurations 277
– intercalation of Li+ 276
– LiMn2O4, mechanism of lithium removal

from 212
– a-MnO2/CNT composite electrodes 213
– porous hydrous 212
– pseudocapacitive charge storage mechanism

of 97–98
– pure (λ-MnO2) 212
– redox exchange of protons and/or cations

213
– symmetrical MnO2/MnO2 EC 258
maximum energy density 134
maximum power density 133–134
maximum theoretical charge 150–151
mean-field theory 174, 190
mean ion quantities 19
merit factor 129
mesoporous templated porous carbon

materials 85
metal-oxide-based EC targets 93
metal oxide/carbon composites 212–214
– porous hydrous MnO2 212
– pure manganese oxide (λ-MnO2) 212
microporous activated carbon cloth (ACC)

electrode 222
microporous template carbons 141
– capacitance with ionic liquid in solutions

156–159
– intercalation/insertion of ions 161–162
– ions trapped in pores 159–161
– in neat ionic liquid electrolyte 153–156
‘‘microscopic” Maxwell equations’ formalism

376
migration of solution 61–62
MnO2 –FeOOH hybrid supercapacitor 278
module design for supercapacitors
– based on asymmetric technologies

360–362
– based on hard-type cells 353–354
– based on pouch-type cells 357–359
– cell balancing and other information

detection 356–357
– electric terminal for 354
– enclosures 357
– insulator for 354–356
– metallic connections between cells 354
– working in aqueous electrolytes

359–360
molar conductivity of the ion 32

molecular dynamics (MD) simulations 168,
192–193

mole fraction positive ions 19
moles of ions 19
moles of positive ions 19
moles of solvent 19
monovalent electrolytes 174
movement of charge, rate of 32
multicelled asymmetrically supercapacitive

lead-acid-carbon hybrid battery 96
multiwalled carbon nanotubes (MWCNTs)

138, 167, 209, 219
– MWCNT/ECP composites 210
– MWCNT/PANI composites 210
– positive effect of 211–212

n
Nafion 230, 231
nanocomposite electrodes 213
nanohybrid capacitor (NHC) 247–248
– comparison with LIC 249
– internal resistance of 248
– material design for 248–254
nanotextured carbons for EDLC applications

139
NaY zeolite 222
nc-Li4Ti5O12/CNF composites 249–250
– charge-discharge measurements 254–255
– electrochemical properties of 253
– galvanostatic charge–discharge

characteristics of 251–254
– HR-TEM image 252
– nanostructure and crystallinity of 250
– nanostructure of 252
– Ragone plots 255
– thermogravimetric (TG)measurement 250
– XRD patterns of 250–251
n-dopable polymers 87
n-doped ECPs 87
Nernst equation 5, 64
– applications of 6
– Eh–pH diagram 6
NEt4

+ cations 150
Ni/AC asymmetric supercapacitor 97
nickel oxide (NiO) and nickel hydroxide

(Ni(OH)2) 97
nickel-zinc secondary batteries 258
Nippon Electric Corporation (NEC) 307
nitrogen-enriched carbons 216–222
– by ammoxidation of nanoporous carbons

216
– beneficial effects 219
– capacitance values vs nitrogen content of

217
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nitrogen-enriched carbons (contd.)

– nitrogen adsorption/desorption isotherms
219

– physicochemical and electrochemical
characteristics of 220

NMRO/AC asymmetric device 97
nonaqueous electrolytes 82
non-faradic carbon electrode 93–94
nonpolarizable faradic electrode 93
normalized capacitance (capacitance per unit

area) 79
Nyquist plots 122–124, 126–17

o
Ohm’s law 113
Ohm’s law potential difference 62
one-dimensional (1D) end-capped CNTs 187
open-circuit potential (OCP) 149
operational amplifier (OA) circuit 113
organic electrolytes 169
oxygenated functional groups 215
oxygen-enriched carbons 215–216

p
PANI/Nafion composite 91
parallel plate capacitor 38, 70
PbC Ultracapacitor 96
PbO2/AC asymmetric capacitor 96
p-dopable polymers 87, 208
p-doped ECPs 87, 92
permittivity
– of the dielectric 70
– of free space 70
PFPT/AC asymmetric laboratory test cells 92
piperidinium 293
PMT/AC asymmetric device 92
Poisson–Boltzmann (PB) equation 173–174
– counterions 174
– dielectric constant of solvent in diffuse layer

174
– electrostatic ion–ion interactions 174
– ion–ion correlations 174
– limitations 174
Poisson’s equation 37
polarizable faradic electrode 93
polarography 64
polyacrylonitrile (PAN) 216
– CNT/PAN composites 217
polyaniline (PANI) 86, 88–90, 208
– MWCNT/PANI composites 210
poly(3,4-ethylenedioxythiophene) (PEDOT)

90–91, 208
– PEDOT/CNTs/MnO2 214
poly(4-fluorophenyl-3-thiophene) (PFPT) 90

poly(3-methylthiophene) (PMTh) 90, 208
polypyrrole/MnO2 91
polypyrrole (PPy) 86, 90, 208
– PPy/CNT-based symmetric capacitor 211
– redox performance of 209
– SWCNT/PPy nanocomposites 210
polythiophene (PTh) 86, 90–91, 208
pore accessibility limitation 148–150
pore size distribution
– carbide-derived carbons (CDCs) 142
– electric double-layer capacitor (EDLC)

138–141
– optimization of 315–317
porosity characteristics for PC and VC

151–152
porosity saturation limitation 150–153
positive and negative electrode capacitance

measurement 145
potassium hydroxide 81
potassium iodide (KI) 231
potential
– difference between two phases in contact

38–39
– due to an assembly of charges 37–38
– electrochemical 39
– inside a good conductor 37
– at a point 36–37
– at zero charge (PZC) 170, 192
potentiostat/galvanostat (PG) 111
– schematic representation of 113
power-assisted HEVs 290
power cache 74
power capacitors 74
power management of fuel cells (FCs)

422–433
– control by sliding mode 429–433
– control in MATLAB/SIMULINK 432
– DC link voltage 433
– European speed cycle NEDC 432
– Hamilton–Jacobi–Bellman Equation

423–426
– with inequality constraints 427–429
– optimal control strategies for a dynamic

system 423
– PEMFC power variation 427
– sliding surfaces 431
PPy/vapor-grown carbon fiber/AC composite

208
primary solvation number 16
PRI Ultracapacitor 74
propylene carbonate (PC) 169
– electrolyte 128, 373
– solvent 82
pseudocapacitance 207
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– of metal oxide/carbon composites
212–214

– with nanoporous carbons 222–226
– of nitrogen-enriched carbons 216–222
– of oxygen-enriched carbons 215–216
– profits and disadvantages of 231–233
pseudocapacitive effects of heteroatoms

214–215
pseudocapacitors 73–74
– electronically conducting polymers (ECPs)

87–92
– equivalent electrical circuit of 115
– lithium-ion capacitors 98–100
– transition metal oxides 93–98
pseudo-faradic effects 226
Pt/BMIM DCA (dicyanamide) 292
pyridinium 293
PYR1(2O1)TFSI-based AEDLC 296, 301
– Ragone plot 301
PYR14TFSI-based AEDLC 296, 299, 302

q
quantum capacitance of graphene materials

191–192
quasi-reference electrode 148
quinone/hydroquinone pair 215

r
Ragone plots 131–132, 374, 449
– case of impedance matching 383–384
– nc-Li4Ti5O12/CNF composites 255
– PYR1(2O1)TFSI-based AEDLC 301
– ratio between energy available and

maximum stored energy 384–387
– theory 381–387
– for various electrochemical energy storage

systems 132
Randles’ electrical equivalent circuit 121
Randles–Sevcik equation 159
redox-active electrolytes 231
redox charge-transfer reactions 50–53
redox EC 73
redox pseudocapacitor 74
reference electrode (RE) 111
reference ion 21
reliability concepts of ECs
– approach to assessment 481–484
– basics 473–474
– burn-in of cells 501
– of cell 474–477
– cell temperature nonuniformity 494–499
– cell voltage nonuniformity 492–494
– energy storage system, example 503–507
– experimental approach example 484–490

– of fewer cells in series 501
– of long-life cells 501–502
– maintenance aspects 502
– method of increasing system 499
– method of reducing cell stress 499–501
– of practical systems 490
– redundancy 502–503
– of system 478–481
resorcinol 138
Rightmire, R. A. 75
room temperature ionic liquids (RTILs) 82,

153
rotating disk electrode 64
round-trip efficiency 469
ruthenium oxide (RuO2) 94–95, 258
– carbon/RuO2 device 280–281
– charge storage mechanism 95
– in commercial devices 95
– electrode inH4SiW12O40 (SiWA) electrolyte

281
– formation of composities 95
– in H2SO4 electrolyte 259
– hydrous forms of 95
ruthenium/tantalum oxide device 74

s
saturation phenomenon 138
seaweed precursors 216
separators for supercapacitors 343–345
– cellulosic 343–344
– dryness of 344
– polymeric-based 344–345
– requirements for 343
– SEM images of commercial 346
– standard cellulosic 344
– thickness range 344
– Wade’s work on 345
Shi’s model for hierarchically porous carbon

materials 186–187
signal waveform generator (SWG) 111
silver as electrode 148
simple chemical equilibrium 1
single-walled carbon nanotubes (SWCNTs)

138, 141, 167, 209
– SWCNT/PPy nanocomposites 210
– voltammogram of 141
sizing of supercapacitor modules
– critical parameter for 374
– problems with 374
sodium alginate 215
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sol–gel reaction 249–250
solid electrolyte interphase (SEI) 134
solid-state electrolytes of supercapacitors

343
solute activity, measurement of 18
solvation number 16
– primary 16
solvent activity, measurement of 18
space charge capacitance theory 191–192
space charge layer 175–176
– capacitance of 175
– capacitance–potential curves 176
– Debye screening length 175
spontaneous chemical reactions 1
stainless steel current collectors 227
standard cell potential 5
standard hydrogen electrode (SHE) 5
Standard Oil Company of Ohio

(SOHIO) 75
standard states 17
stationary techniques for characterizing

supercapacitors
– electrochemical impedance spectroscopy

119–123
– supercapacitor impedance 124–129
steady-state (time-independent)

diffusion 62
Sterling’s approximation 36
Stern layer 174
Stokes – Einstein equation 33
Stokes–Robinson equation
– approximations 27
– evaluation of 29
– in terms of free energies 28
structure-broken region 11
sulfuric acid 81
supercapacitor impedance 124–129
supercapacitor module sizing methods
– parameters 418–420
Supercapacitor 509
– with H2SO4 510
supercapacitor pack power 430
– reference current trajectory of 426
supercapacitors 74, 114–115, 131,

298–302
– approach to enhanced energy density of

243
– average performances of 135
– cyclability 134
– equivalent circuit of 422
– high-capacitance 309
– industrial activated carbons for industrial

317–319
– industrial point of view 309

– low-capacitance 309
– low-temperature behavior 134
– maximum energy density 134
– maximum energy (Emax) of 289
– maximum power density 133–134
– modeling 422
– product robustness 308–309
– steps in manufacturing 308
surface functionalization of ACs 138
symmetrical AC/AC capacitors 226
symmetric EDLC 93, 171
symmetry factor 55

t
Tafel equation 58
tantalum electrolytic capacitors 281
tantalum oxide–ruthenium oxide hybrid

capacitors 282
TEA-BF4/AN electrolyte 196–197
TeflonTM 142
temperature effects on galvanostatic

charge/discharge characteristics 224–225
templated carbons 85, 167
template synthesis route 139
testing of electrochemical capacitors
– capacitance of a device 443, 456
– charging algorithm 466
– comparisons of projected power capabilities

468
– energy density 448–449, 459–460
– of hybrid, pseudocapacitive devices 456
– IEC test procedures 440–441
– lithium-ion battery – nickel cobalt 453
– lithium-ion – iron phosphate 453
– power capability 449–453, 460
– pulse cycle 454, 460
– pulsed simple FUDS (PSFUDS) 453–454
– relationships between AC impedance and

DC testing 460–465
– resistance of a capacitor 443–447, 456–459
– round-trip efficiency 469
– summaries of DC test procedures 437–439
– UC Davis test procedures 441–443
– ultracapacitors 452
– uncertainties in ultracapacitor data

interpretation 465
– uncertainty 466–468
– USABC method (batteries) 451
– USABC method (ultracapacitors) 452
– USABC test procedures 439–440
tetraalkylammonium 150, 152–153
tetraethylammonium tetrafluoroborate

(TEA-BF4) 82, 86, 116, 169
tetrafluoroborate 82
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tetralkylammonium salts 293
thermal modeling of supercapacitors
– BACP0350 supercapacitor 404–410
– conduction heat transfer 397–399
– consequences of rise in temperature 396
– heat transfer coefficient for natural

convection 401–402
– solution procedure 402–403
– thermal boundary conditions 399–401
– thermal diffusion 397
– transfer of energy 397
thermodynamic equilibrium constant 3
thermoprogrammed desorption (TPD)

analyses 223
three-electrode cells 115, 148
three-electrode measurement 78
transient techniques for characterizing

supercapacitors
– cyclic voltammetry 115–117
– galvanostatic cycling 117–119
transition metal oxides 93–98, 212–213
– conditions for 94
– lead dioxide (PbO2) 95–96
– manganese dioxide (MnO2) 97–98
– nickel oxide (NiO) and nickel hydroxide

(Ni(OH)2) 97
– ruthenium oxide (RuO2) 94–95
transition state theory 49–50
transport number of an ion 32
trimming capacitors 69
two-electrode cells 115
two-electrode measurement 78
type I, II and III devices 87–88

u
Ultracapacitor Development Program 307
ultracapacitors 74
ultra-centrifuging (UC) treatment 249–250
ultramicropore 141
uncertainty testing
– in capacitance 466
– in energy density 467
– in power capability 467–469
– in resistance 466–467
– in ultracapacitor data interpretation 465
uninterruptible power supply (UPS) systems

289
USABC-DOE protocols 301

v
vacuum level 36
vanadium-based aqueous electrolytes 229

vanadyl sulfate (VOSO4) solution 229, 231
Vogel–Tammann–Fulcher exponential

equation 293
Volta, Alessandro 69
voltage profiles for EDLC 244
voltammetry cycling of a carbon electrode

(AC) 223
Volta’s pile, 69
volumetric capacitance 139–140

w
Walden rule 295
Warburg element 121
Warburg impedance 124
water, structure of 9–15
– Born energy 13
– breaking of H bond clusters 12
– of bulk water 11
– cavity formation 12
– dipole moment 10
– enthalpy of hydration of the anion 15
– force between the ion and the dipole 14
– in ice 10
– induced dipole interaction 14–15
– ion–dipole interactions 11–13
– ion–quadrupole model 14
– leftover water molecules 14
– near an ion 11
– O–H bonds 10
– orientation of solvated ion 13–14
– quadrupole moment of 14
– sp3 hybrid orbitals 9
– structure-broken region 11
– theoretical and experimental ion–water

interactions 10
whole cell voltages 60–61
working electrode (WE) 111
– impedance of 113

x
xerogel carbon electrodes 299
xerogels 86

z
zero-current cell potential 3
– between electrodes of a galvanic cell 3
zero-dimensional (0D) carbon onions 187


